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Abstract 
Changes in bone characteristics during soft tissue putrefaction were investigated over 140 
days, equating to between 638 and 1450 cumulative cooling degree days (CCDD) 
depending on ambient temperature using a porcine experimental model in surface and 
burial depositions. The hypothesis that changes observed in bone characteristics during 
soft tissue putrefaction could be utilised for possible forensic applications was proved. 
Human bones were tested for comparison. The techniques used were colorimetric 
analysis of staining, measurement of micro-crack lengths (in the order of 0.1 to 1.0 mm) 
on fractured bone surfaces under scanning electron microscopy, inductively coupled 
plasma optical emission spectroscopy elemental profiling, thermogravimetric analysis 
(TGA), zoological mass spectrometry profiling non-collagenous peptide content, and 
Vickers hardness testing. The findings pertaining to the experimental porcine bone 
samples were as follows. Stain colour did not equalise between periosteal and fractured 
cortical bone surfaces. The fracture is widely considered perimortem if said surfaces are 
homogeneous in colour and postmortem if different. Observed inconsistences in colour 
change limit the potential of this technique as a potential forensic test of postmortem 
interval (PMI). After 28 CCDD, shorter intersecting micro-cracks changed to longer 
linear micro-cracks tracking lamellae. A longitudinal to tangential Vickers hardness (HV) 
ratio of 1.5 to 1 associated with minimal decomposition indicated 250 CCDD or less 
elapsed. The same ratio associated with marked decomposition indicated 1450 CCDD or 
more elapsed. A ratio of less than 1:1 indicated 250 to 1450 CCDD. Decreases in iron, 
sodium and potassium concentrations associated with tissue fluids can determine if bone 
is in the early stages of decomposition. TGA correlation of water loss between 22 and 
100˚C with observed changes in micro-crack lengths, HV, and elemental profiles 
suggested progressive dehydration as the underlying common factor. These techniques 
demonstrated some potential to be developed as forensic tests of PMI. As no correlation 
with PMI was evident with proteomic profiling of non-collagenous peptides, no such 
potential was demonstrated. 
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Chapter 1 Introduction 
1.0 Hypothesis, Aims and Objectives 
The purpose of this PhD was to prove or disprove the hypothesis that changing 
characteristics of bone during the soft tissue putrefaction period of decomposition can be 
utilised to narrow the margin of error when determining the postmortem interval in the 
forensic context, and/or define perimortem trauma. Changes in colorimetric, 
microfracture, chemical and mechanical characteristics were analysed using a variety of 
experimental methods in the context of experimental archaeology and forensic 
anthropology. The research in this PhD focused specifically on examining how the 
characteristics of bone, vary from perimortem (fresh) during the decomposition of soft 
tissue over a 140 day period, equating to 638 to1450 cumulative cooling degree days 
(CCDD, a standard measurement utilised to account for fluctuation in ambient 
temperature),  using a porcine experimental model. Some comparative analyses of human 
bone were conducted.  
The aims and objectives of the research were as follows: 
• To determine if bone staining by blood or tissue at a fracture site due to 
perimortem trauma varies and/or equalises with (periosteal) bone surface staining 
during soft tissue putrefaction, in order to test the reliability of this as an indicator 
of perimortem trauma. If fracture and periosteal cortical bone surfaces are 
homogeneous in colour, the fracture is widely considered perimortem. A colour 
differential indicates postmortem modification. Equalised colour therefore may 
falsely indicate perimortem bone trauma. 
• To determine if microfracture characteristics on fractured bone surfaces vary 
between perimortem and taphonomic bone trauma during soft tissue putrefaction, 
and if feasible, develop a quantifiable metric that may have potential to narrow 
the estimate of postmortem interval. 
• To determine if Vickers hardness (HV) of bone varies during soft tissue 
putrefaction, and if so, if this technique has the potential to be used to narrow the 
estimate of the postmortem interval. 
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• To determine if collagen and/or water content of bone changes during soft tissue 
putrefaction by thermogravimetric analysis (TGA) and if so, if this technique has 
the potential to be used to narrow the estimate of the postmortem interval. 
• To analyse for changes in elemental concentration in bone during soft tissue 
putrefaction using induction coil plasma optical emission spectroscopy (ICP-
OES), and if so, determine if this technique has the potential to be used to narrow 
the estimate of the postmortem interval. 
• To determine if there is any consistent change in non-collagenous peptide content 
in bone during soft tissue putrefaction by zoological mass spectrometry (ZooMS) 
and if so, if such a biomarker could potentially be used to narrow the estimate of 
the postmortem interval. 
• To identify possible forensic and/or archaeological applications, and outline how 
any tests that could potentially be developed may corroborate one another. 
• To determine if there are any unifying factors underlying any observed changes in 
bone during soft tissue putrefaction, and subsequently if these factors have 
implications for the potential development of forensic tests based on the 
techniques used. 
 
1.1 Outline of Thesis 
This introductory chapter continues initially by outlining some of the fundaments of 
forensic anthropology that are of particular salience to the research carried out for this 
PhD. In section 1.2 we will look at the hierarchical structure and histology of bone that 
will underpin later discussions and briefly describe its function within the body. In 
section 1.3, we will discuss some of the intersecting epistemologies of the forensic 
anthropology, forensic archaeology, and experimental archaeology disciplines that the 
research for this PhD seeks to inform, before providing a stepwise overview of the 
decomposition process, as measured against time and temperature, in section 1.4 upon 
which that research is predicated. Section 1.5 will discuss the rationale for using porcine 
bone as an experimental analogue for human bone before moving on to Section 1.6 which 
will then consolidate this with an overarching rationale for the experiments conducted, 
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referring to relevant literature. The first of these, described in section 1.6.1, is a 
colorimetric analysis of bone staining using the Munsell scale, the purpose which was to 
determine if a colour differential was maintained between the external (periosteal) bone 
surface and the bone fracture surface, or whether equalisation had occurred during soft 
tissue putrefaction, and to comment upon the reliability of using this technique in the 
forensic context. Section 1.6.2 looks at changes in micro-crack characteristics on 
fractured bone surfaces. The purpose of this experiment was twofold. Firstly it was to 
determine if any changes in these characteristics would occur during the soft tissue 
putrefaction period and if so, if they could be correlated to a specific timeframe within 
postmortem interval. Secondly it was to determine if these changes could be used to 
distinguish between perimortem and taphonomic bone trauma for possible development 
as a forensic test of this distinction. As changes in bone micro-crack characteristics 
during soft tissue putrefaction may be linked to cogent changes in bone hardness, this 
seemed the next logical point of investigation. Section 1.6.3 therefore posits the 
possibility of using Vickers Hardness (HV) as a potential tool for mapping the 
postmortem interval by determining if changes in HV correlated with any particular 
timeframe during the soft tissue putrefaction period.  
As there is a general consensus in the literature that dehydration affects the mechanical 
characteristics of bone, it had to be considered as a possible unifying factor underlying 
observable changes in hardness and micro-crack characteristics during the soft tissue 
putrefaction period. Section 1.6.4 outlines the role of water (in relation to collagen) in 
bone and posits an investigation of changes in the level of hydration in bone during soft 
tissue decomposition via thermogravimetric analysis (TGA) (Heal, 2002). Finally, it had 
to be considered if there were any changes in mineral content or non-collagenous proteins 
that might also be associated with these changes to provide further potential means of 
mapping changes in bone against time in the immediate postmortem interval and to 
determine possible uses as part of a forensic application. Section 1.6.5 posits the use of 
inductively coupled plasma optical emission spectroscopy (ICP-OES) to determine if any 
such changes in bone mineral content had occurred and in Section 1.6.6 the use of matrix-
assisted laser desorption/ionisation time of flight (MALDI TOF) mass spectrometry 
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otherwise known as zoological mass spectrometry, or ZooMS, to look at changes in non-
collagenous peptide profiles is posited (Buckley et al, 2009).   
Chapter two provides a critical literature review pertaining to both the wider relevant 
literature, and works cited. This review was undertaken to locate and analyse the body of 
peer reviewed literature published in order to evaluate the extent to which changes in 
bone during the soft tissue putrefaction period had been investigated by experimental 
means, provide a critical assessment of their evidential, and identify any particular trends, 
themes, and gaps. For example, only 7.7% of 337 papers reviewed were found to have 
referred to fracture morphology of cortical, or trabecular bone in the same context as 
decomposition. Nineteen papers of particular salience to the research carried out for this 
PhD are examined in more detail.  
Chapter three describes the materials and methods used to perform the experiments 
posited above in the outline for chapter one. The details of the sourced experimental 
porcine bone samples decomposed over 140 days are included. The comparative human 
bone samples are likewise described in more detail, including discarded head of femur 
from hip transplant operations as a perimortem analogue and a femur from a 100 year old 
teaching skeleton as a postmortem sample for the ICP-OES, TGA, and ZooMS 
experiments, and the high resolution casts taken of known perimortem bone trauma and 
taphonomic damage from human remains collections curated at the Natural History 
Museum, London, for the micro-cracks experiment. The porcine bones were decomposed 
in (simulated) surface and shallow burial scenarios and these are described in detail, 
outlining the standardised soil and bark chippings (substituting for leaf litter) used. The 
accompanying standardised measurement of elapsed time in conjunction with 
temperature as cumulative cooling degree days as monitored by the official Ebbw Vale 
weather station is then outlined. The chapter then goes on to outline the experimental 
methodologies utilised. Colorimetric analysis is outline in section 3.1, micro-crack 
analysis in section 3.2 (including an experiment to analyse the effects of fatty acids in 
putrefaction fluid on bone erosion), TGA in section 3.3, ICP-OES in section 3.4, and 
finally ZooMS in section 3.5. These methods were chosen according to their availability 
to the author at the time the research was conducted, and upon their perceived ability to 
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answer the research questions stated. The results of these experiments are then 
summarised in the corresponding sections in chapter four, inclusive of appropriate 
statistical analyses.    
Chapter five commences by attempting to place the research for this PhD within the 
intersecting epistemologies of forensic archaeology, forensic anthropology and 
experimental archaeology that it encompasses. This chapter then goes on to provide a 
synthesis and discussion of all data obtained during the course of the research in section 
5.1, including a discussion of possible uses of the techniques developed where 
appropriate. The implications of how molecular changes in putrefaction fluid such as 
those mediated over time by reduction, oxidation, substitution and/or lysis during soft 
tissue decomposition in the presence of soil with associated microbes and fungi, alters its 
light absorption properties, and thus its colour as perceived by the human eye, is 
discussed first. This is followed by a discussion of the possible implications of 
dehydration, precipitation of putrefaction fluid and critical distance theory as applied to 
micro-crack analysis in decomposing cortical bone (Kasiri and Taylor, 2008). Next is a 
discussion pertaining to the changes observed in the Vickers hardness of bone during the 
soft tissue putrefaction period, relating those changes to the possible effects that 
dehydration may be having upon hardness as water is progressively desorbed from 
collagen, followed by a discussion of the ICP-OES experiment referring to the lysis and 
subsequent decomposition of iron conjugated storage proteins in extracellular fluid and/or 
blood during soft tissue putrefaction, and how the decrease in potassium and sodium 
levels can be viewed as a function of progressive dehydration of the bone during soft 
tissue putrefaction as these elements are located primarily in the extracellular fluid in 
bone. Finally there is a discussion on the outcomes of the zoological mass spectrometry 
experiment conducted for this PhD which concentrated on locating possible biomarkers 
amongst low molecular weight non-collagenous proteins in (porcine) bone, or 
combinations thereof, which could possibly be tied to a particular point in time during 
soft tissue putrefaction, before the chapter is summarised in section 5.2.  
In chapter six subsequent conclusions are drawn with regards to the potential 
development of forensic testing of time elapsed since deposition during the early 
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postmortem interval as evaluated by the techniques discussed. The thesis concludes with 
a brief synopsis of further work that would need to be developed in chapter seven, before 
these techniques would be admissible as evidence of time elapsed during the early 
postmortem interval, in a court of law.  
1.2 The Structure, Functions and Histology of Bone Pertaining to Decomposition 
This chapter will now continue with a brief overview of the structure and function of 
bone, as shown in figure 1a, as aspects of its hierarchical construct will be referred to 
throughout the thesis, before outlining some of the aspects of bone histology relevant to 
the research conducted. 
 
Fig 1a: Schematic of bone structure, reproduced from Sato and Webster (2004), originally 
sourced from Cowin et al. Handbook of Bioengineering. Skalak R, Chien S (Eds). 
McGraw Hill, NY, USA (1987). 
The bone matrix consists of type I collagen fibres (organised bundles of alpha-helical 
collagen fibrils, resistant to applied tensile forces) embedded in a ground substance that 
also contains proteoglycans, glycoproteins, and phosphoproteins such as osteopontin, 
sialoprotein, osteonectin and osteocalcin, which may function to regulate the extent and 
orientation of mineralisation by crystalline hydroxyapatite, Ca10(PO4)6(OH)2 which 
stiffens the matrix to resist stresses. This combination of organic (collagen) and inorganic 
(hydroxyapatite) components contributes to the mechanical characteristics (hardness, 
toughness, elasticity, plasticity) of bone (Sato and Webster, 2004). Bone crystallites 
constitute approximately 66% of total skeletal mass, and have been noted as having 
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uniform elastic behaviour in all directions as judged by the molecular density of each 
facet (Ibid). This suggests the anisotropic qualities they impart to bone as a composite 
material are a function of their elongated shape. The elastic properties of bone collagen 
on the other hand, are assumed to be similar to those of tendon or ligament collagen (Sato 
and Webster, 2004).   
Although studies on demineralised bone have been carried out to evaluate these 
properties (Catanese et al, 1999), it must be considered that they may have imposed 
conditional artefact effects on the remaining collagen phase (Jonas et al 1993). The ratio 
of collagen to hydroxyapatite is both species and function specific (Rho et al, 1998). 
From a histological perspective, bone consists of two main types. Primary or non-
lamellar bone tissue, also referred to as woven bone, is characterised by randomly 
oriented coarse collagen fibres and is the first osseous tissue deposited on the calcified 
cartilage matrix in endochondral ossification (Nather and Ong, 2010; Rho et al 1998). 
Primary bone is found in the still developing bones of juvenile animals, and the calluses 
formed at healing fracture sites, prior to remodeling to form secondary bone (Ibid). 
Secondary or lamellar bone, also referred to as mature bone, is characterised by collagen 
fibres organised in parallel layers, the lamellae (Ibid). Lamellar bone is found in both 
structural types of adult bone i.e. cortical and trabecular bone (Ibid)). Cortical bone is 
dense and solid and consists of Haversian systems, or osteons, each of which is structured 
around a central Haversian canal lined by innervated, vascular endosteal tissue and 
surrounded by between four and twenty concentric lamellae (See fig. 1b) (Ibid). Osteons 
are networked to one another, the periosteum on the surface of the bone, and its central 
marrow cavity by transverse or oblique Volkmann’s canals (fig. 1b) (Ibid).  
 
Fig 1b: Haversian systems in lamellar bone reproduced from Nather and Ong (2010), showing an 
osteon (left) and Volkmann’s Canal (right). 
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Cortical Bone  Trabecular Bone 
Fig 1c: Cross-sectional illustration of cortical and trabecular bone, reproduced from 
www.illustrationsource.com/ 
 
Osteocytes derived from bone forming osteoblasts are arranged circumferentially around 
the central osteonal canal in parallel with the lamellae, and are found in cavities (lacunae) 
that are interconnected by canaliculi, which in turn contain filopodia (cytoplasmic 
processes) which facilitate intercellular signalling and transfer. Interstitial lamellae, 
irregular areas of lamellar bone formed during the remodeling of previous Haversian 
systems, are found between those currently present, separating each osteon. Cortical bone 
near the external and internal vascular tissue layers (the periosteum and endosteum) lacks 
Haversian canals and form more organised circumferential lamellae. It is the periosteum 
that connects with the fibres of ligaments and muscle insertions. Human cortical bone 
exhibits site and function specific mechanical characteristics as determined by evaluating 
such properties as orthotropic elastic moduli, shear moduli, Poisson’s ratios and density 
that correlate directly with intensity and directionality of applied load (Rho et al, 1998). 
As bone is anisotropic, these are likely to differ between transverse and longitudinal 
planes (Ibid).  
The cortical bone encapsulates, in the manner of a shell, the trabecular bone, also referred 
to as cancellous or spongy bone, consisting of a porous structure of interconnecting 
plates, rods, and intermediate plate/rods, known collectively as trabeculae (as shown 
above in fig. 1c). Each trabecula is organised from parallel layered lamellae containing 
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collagen fibres, the external surface of which is home to an attenuated layer of resting 
osteoblasts (Nather and Ong, 2010). The mechanical properties of bone within trabeculae 
by contrast are more uniform, with little variation between sites (Rho et al, 1998). This 
hierarchically organised structure can be regarded as having an irregular, optimised 
arrangement and orientation of its components, making the bone act as an anisotropic, 
heterogeneous, two-phase composite material in terms of its mechanical characteristics in 
which the mineral and collagen are bound in a complex manner (Ibid). Any accurate 
model should thus take into account the physical mechanisms involving transfer of load 
across bone material subunits, such as individual trabeculae, or localised Haversian 
systems, within the context of larger samples (Ibid). The trabeculae are arranged to be 
strongest and thickest in the direction of the greatest stress applied to the bone. This 
structure of a cortical shell surrounding spongiform bone facilitates mechanical strength 
without unwieldy mass (Ibid). The cortical layer resists bending, torsional and shearing 
stresses with the support of the underlying trabeculae, which in turn resist applied 
compressive force (Ibid).  
Whilst a universalising model of the structural hierarchy of bone is certainly of 
considerable use and importance from a scientific research perspective, it should be 
remembered that bone cannot be considered a universal material in the living world. As a 
material bone differs considerably between taxa from both the gross anatomical 
perspective taking into account variables such as the robusticity and morphology of bone 
between different skeletal elements (Madgwick and Mulville, 2012) and from the 
microstructural perspective according to variables such as density and even specific 
collagen fibre orientation to posit two examples (Ioannidou, 2003; Bromage et al, 2003). 
There is considerable evidence from the literature to suggest that such factors influence 
the rate of decomposition of bone (Madgwick and Mulville, 2012; Ioannidou, 2003; 
Bromage et al, 2003; Kontopoulos et al, 2016; Karr and Outram, 2015; Bell et al, 1996). 
Therefore these factors must be acknowledged with regards to the pilot studies 
comprising this PhD and taken into greater account should these studies be scaled up with 
regards to further work to consolidate the observed results. 
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All bones have a mechanical function, in that they provide attachment to muscle groups. 
Other may protect vital organs, such as the ribcage protecting the heart and lungs, or the 
skull protecting the brain (Nather and Ong, 2010; Evans, 1969). Haematopoiesis, the 
production of erythrocytes, continues throughout life in humans, delineated from 
progenitor cells in the red marrow of the proximal femora and humeri, iliac crests and 
vertebrae (Ibid). Finally, all bones also serve as a calcium and phosphate reservoir to 
provide for mineral formation and maintain calcium homeostasis via chelation and 
enzymatic release of phosphorous from the phosphoproteins described above (Ibid). 
Adult human bone is constantly undergoing remodeling, a complex (cyclic) process 
involving the resorption of bone on a particular surface followed by a phase of bone 
reformation, which is facilitated by small groups of cells, basic multicellular units, on 
multiple bone surfaces at any one time (20% of trabecular bone surfaces undergo 
remodeling at any one time for instance) (Hill, 1998). There are four contiguous phases in 
the remodeling process. In the resorptive phase, multinucleated osteoclasts release local 
factors from the bone which inhibit osteoclast function and stimulate osteoblast activity 
(Ibid). Upon completing resorption, osteoclasts secrete proteins which act as a substrate 
for osteoblast attachment. In the reversal phase osteoblast precursor (osteoprogenitor) 
cells capable of proliferation into differentiated osteoblasts migrate to the resorption 
lacunae (cavities) and disclose the former osteoclast activity (Ibid). The process now 
enters the formative phase during which osteoblasts deposit (initially unmineralised) new 
bone matrix (osteoid) which fills in the resorptive lacunae. The cyclic process concludes 
with the resting phase, during which osteoblasts mature into fully differentiated quiescent 
osteocytes which line the newly formed bone packet. These cells then remain quiescent 
until the process recommences (Ibid). In healthy adult humans (and other species), the 
amount of bone resorbed by osteoclasts is equilibrated to that formed by osteoblasts. 
Bone trauma triggers wider remodeling at the site of injury (see Fig 1d); (Hill, 1998; 
Kearns and Kallmes, 2008).  Immediately subsequent to the initial traumatic insult to the 
bone, a haematoma (blood clot) forms at the fracture site. This is sometimes referred to as 
the inflammation phase of fracture repair (Ibid). The haematoma acts to mechanically 
stabilise the fracture, and is quickly colonised by osteoclasts and macrophages which 
begin resorbing parts of the damaged bone and any necrotic tissue (Ibid).  
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Osteoblasts (periosteal precursor chondrocytes) then lay down osteoid which is then 
mineralised (both forms of osteogenesis occur i.e. intramembranous where ossification 
originates in fibrous membrane and endochondral, where ossification originates in 
hyaline cartilage), forming a primary woven bone callus that bridges the fracture gap 
(Ibid). This consolidates mechanical stabilisation, completing the second phase of 
fracture repair, which may be referred to as the reparation phase (Ibid). During the final, 
or remodeling, phase of fracture repair, the remodeling process as outlined above, reduces 
and replaces the primary woven bone callus with secondary, lamellar bone cogent to 
surrounding, previously undamaged bone (see fig. 1d) (Ibid). In the forensic context, at 
the level of gross morphology, substantive remodeling is indicative of antemortem bone 
trauma, whereas on a microscopic level it is indicative of perimortem bone trauma 
(Giannoudis et al, 2008). However it is extremely difficult to detect the latter once 
decomposition has set in (Ibid). 
 
Fig 1d: Remodeling in Adult Human Bone, reproduced from Hill, 1998. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
22 
 
Returning to the histology of bone, micro-cracking, microbial degradation, and 
taphonomic damage, are well documented in that context in the literature. Poundarik and 
Vashishth’s (2016) literature review posits that micro-damage formation is a key 
determinant of bone quality, and through a range of biological and physical mechanisms, 
accumulates with age and disease which in turn decreases bone strength and increases 
bone’s tendency to fracture. They go on to advocate that a thorough assessment of micro-
damage (such as the micro-cracks examined in the course of the research for this PhD), 
across the hierarchical levels of bone, is crucial to better understand bone quality and 
bone fracture (Ibid). Further to this they posit that SEM in particular (as outlined later) 
allows a thorough evaluation of fracture mechanisms that dissipate energy during fracture 
processes, noting that at the osteonal level, crack deflection brings into play interfaces 
that are contained in the bone matrix like lamellar interfaces and cement lines, and that 
crack bridging mechanisms between fibre bundles or lamellar interfaces is strongly 
evident in regions of damage and has a major role in crack growth prevention (Ibid). 
Poundarik and Vashishth (2016) define these bridges as non-collagenous proteins, 
collagen fibres or uncracked ligaments that can resist the ability of the crack tip to 
propagate by attempting to hold the crack faces together. It is the possible breakdown of 
such bridging mechanisms during the early postmortem interval that is of interest to the 
research carried out for this PhD. Wolfram et al (2016) agree in principle with Poundarik 
and Vashisth’s standpoint, but suggest going beyond conventional histology by using 
synchrotron radiation micro-computed tomography to obtain phase-contrast images to 
allow the characterisation of three dimensional micro-crack distributions in bulk bone 
samples, following their study on four dumbbell-shaped specimens of human cortical 
bone of a 77-year-old female donor which were loaded beyond yield in either tension, 
compression or torsion (Wolfram et al, 2016). In the forensic context, Turpin’s (2017) 
study utilised fifty-two lamb bone segments to assess the impact of cold, freeze-thaw 
cycles, freeze-drying, and water immersion on microstructural cracking of bone in a 
series of controlled exposure experiments. For each bone segment, she examined three 
thin sections under a light microscope, and observed that cold exposure caused 
taphonomic changes in the form of microscopic cracking. She noted that whilst transverse 
cracks occurred in all treatments, osteonal cracks were restricted to rapid freezing 
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treatments. Turpin concluded that the type of cold exposure had a statistically significant 
effect on both the total number of cracks and each type of crack observed, positing that 
skeletal micro-cracking could potentially be used as a taphonomic indicator of 
postmortem bone exposure to sub-zero temperatures, a point that will be returned to in 
the further work section in the final chapter of this thesis (Turpin, 2017). It is how the 
morphology of micro-cracks on the fracture surfaces bone change during the soft tissue 
putrefaction period that is examined in the pilot study that forms part of the research for 
this PhD, however, so it is pertinent to discuss the histology of bone during 
decomposition here. 
 
Hollund et al (2012) examined the histology of long bones of six humans buried in a 
small cemetery and two humans from individual burials, situated 50–70 m away from the 
cemetery area at Castricum in the Netherlands.  They also analysed six animal bones. 
From their observations Hollund et al were able to construct a taphonomic timeline of 
bioerosion as follows. Early postmortem decay showed limited microbial decay in the 
form of scattered linear longitudinal tunnels, close to vascular canals, indicates early 
putrefactive processes, possibly occurring within month’s postmortem, and in aerobic 
conditions. It is this observation that is of particular relevance to the pilot study on early 
postmortem micro-cracking carried out as part of the research for this PhD. This will be 
referred to in context in the discussion chapter. In relation to this finding Turner-Walker 
and Jans’ (2008) bone histology paper, building upon fundaments established in Jans et 
al’s earlier (2004) research on the same subject, examined archaeological bone from a 
variety of burial contexts under backscattered electron scanning electron microscopy and 
was able to identify characteristic features attributed to aerobic soil bacteria, 
cyanobacteria, and sulphate reducing bacteria, which in the archaeological as opposed to 
the forensic context, they posited could be used to provide supplementary evidence when 
phasing complex sites, such as graveyards, which developed over several hundred years 
(Jans et al, 2004; Turner-Walker and Jans, 2008). White and Booth’s (2014) bioerosion 
study used similar deposition scenarios to those utilised in the pilot studies comprising 
the research for this PhD. In their study, twelve pig carcasses were differentially buried 
and sub-aerially exposed for one year at Riseholme, Lincolnshire, U.K., and their femora 
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were examined after one year using thin section light microscopy to investigate the 
patterns of microscopic bioerosion. White and Booth found that the distribution and 
extent of degradation observed within the microstructures internal to the pig femora were 
consistent with bacterial bioerosion due to enteric putrefactive bacteria (White and Booth, 
2014). This particular aspect of putrefaction will be taken into account when 
recommending further work in the final chapter of this thesis. 
 
Returning to Hollund et al with regards to deposition, they noted that humic staining and 
pyrite inclusions indicate that fleshed remains were interred early postmortem in a low-
oxygen and humic-rich environment, which they believed may have inhibited further 
bacterial tunnelling (Hollund et al, 2012). Finally they posited that an increase in oxygen 
levels possibly due to cross-cutting ditches and/or lowering of groundwater levels 
contributed to the oxidation of pyrite followed by acidification, generalised destruction, 
micro-fissures and staining by iron oxide compounds indicates a change in the burial 
conditions. Subsequently, a microenvironment seems to have been created within the 
middle of the bones. This is of relevance to the stearic acid experiment carried out as part 
of the research for this PhD, and will again be referred to in context in chapter five of this 
thesis. Other examples of bone histology being utilised for research in the forensic 
context include age-at-death studies such as Goliath et al’s (2016) study on the ribs and 
femora of 27 human cadaveric specimens with known age-at-death which determined that 
age was significantly related to osteon size and shape for both the femur and rib, and thus 
could be used as the basis for an age-at death predicting model; and treatment studies 
such as Lander et al’s (2014) histological examination of the effects of freezing, boiling 
and degreasing on the microstructure of bone (five cadaveric tibiae) which determined 
that quantitatively, there were no significant differences between freezing, boiling and 
degreasing but there were qualitative differences observed using SEM. Due to the time 
constraints and experimental limitations of the pilot studies carried out for the research 
for this PhD, accompanying histological were not carried out, however, it is recognised 
that it would be beneficial to do so should it be possible to scale up these studies to 
consolidate observed results in further experiments.   
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1.3 Forensic Anthropology, Forensic Archaeology, and Experimental Archaeology 
A forensic archaeologist applies their expertise to accurately locating, recovering, 
examining, and documenting buried human remains and/or artefacts deemed pertinent 
evidence to a forensic investigation (Buckley, 2011). All crime scene personnel are 
responsible for the maintenance of the chain of custody, and prevention of contamination 
of evidence (Menez, 2005). Forensic anthropologists, often working in conjunction with 
forensic archaeologists, apply the principles and methodology of physical anthropology 
within the context of forensic investigation. Their primary role is to provide a 
demographic profile of skeletal human remains by means of anthropometric analysis: 
biological sex, close approximations of height, weight and age at time of death, ethnicity, 
pathology, and whether any damage to the bones has occurred before death (antemortem 
trauma which can be identified by evidence of a vital response i.e. remodeling), at or near 
the time the time of death (perimortem trauma) or after death (postmortem, post-
deposition trauma, otherwise referred to as taphonomic trauma or damage). Law 
enforcement then compares this profile with missing person’s records (Byers 2005, Byers 
and Myster, 2005). Perimortem and postmortem trauma can be more difficult to 
distinguish, so there is need both in the forensic context and the archaeological context 
(e.g. conflict archaeology) to develop new methods to do so. A means of accomplishing 
this is by employing experimental archaeology methods. Experimental archaeology can 
be defined as the use of trials, tests, and/or experiments to judge the validity of an 
archaeological theory or idea (Coles, 1973). This theory or idea may pertain to ancient or 
more recent human or animal remains, or other artefacts, or to comparatively very recent 
human remains in the forensic context.    
1.4 Decomposition and Measuring Cumulative Cooling Degree Days (CCDD) 
As the soft putrefaction period of decomposition and its measurement in cumulative 
cooling degree days are pertinent to the entirety of this PhD, an overview of the 
decomposition process is provided here. The four stage decay process, fresh (autolysis), 
bloating (putrefaction), wet tissue decay, and dry tissue decay (see figures 1e, 1f, 1g and 
1h), was first posited by HB Reed in 1958, who compared these processes and principally 
the insect activity associated with cadaveric decay, by investigating 45 dog carcasses 
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placed at intervals of two weeks in varying temperatures, in Knoxville, Tennessee (Reed, 
1958). In 1983, WC Rodriguez and Professor William Bass performed a similar 
experiment with four human cadavers, correlating postmortem interval with successive 
insect species colonisations (Rodriguez and Bass, 1983). It has been posited by others, 
Jerry Payne in his 1965 study on piglet decomposition for example, that there are six 
stages of decomposition i.e. fresh, bloated, active, advanced, dry, and remains, predicated 
on successive micro- and macro-faunal depredations of the corpse (Payne, 1965). It could 
however be argued that the latter four stages outlined by Payne, are merely subdivisions 
of the latter two posited by Reed. Reed’s schema remains the most commonly known and 
is still cited (Comstock et al, 2015; Brooks, 2016). To elucidate further, human 
decomposition commences within approximately four minutes of death. The muscles of 
the cadaver are initially flaccid, then, within the first three hours of the postmortem 
interval (dependent on extrinsic environmental factors, notably an ambient temperature 
range of 21-24°C), rigor mortis i.e. postmortem stiffening of the musculature occurs due 
to the formation of actomyosin protein bridges in muscle tissue. As in vivo, this process 
is mediated by calcium binding dependent dephosphorilation of adenosine triphosphate to 
adenosine diphosphate (Heeley, 2002). However, unlike in vivo, there is no muscle 
shortening. Complete rigor occurs within 12 hours at 21-24°C, remaining for up to 36 
hours before autolytic protein degradation causes the musculature to loosen. Exceptions 
to the times stated are many and varied. For example, increased perimortem pyrexia due 
to infection or substance abuse may accelerate the process (Dix and Graham, 2000). 
Extreme physical exertion or electrocution in the immediate perimortem interval may 
lead to rigor occurring within moments of death, the so-called cadaveric spasm. Livor 
mortis also referred to as postmortem lividity or hypostasis, is the discolouration of the 
body due to blood settling under gravity (Ibid). It is usually violaceous, darker in dark 
skinned individuals, with pale markings characterising abuttal of the cadaver’s surface to 
another, such as the floor or clothing. Livor mortis becomes apparent within the first hour 
of the postmortem interval (at 21-24°C) becoming fixed at 8-10 hours, so its positioning 
is a useful clue as to whether a cadaver has been moved during this time. Exceptions vary 
with causes of death. Extensive haemorrhage may lead to indistinct or absent lividity. 
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Toxins may result in differing discolouration, such as bright red in the case of carbon 
monoxide poisoning (Ibid).  
Algor mortis, or cooling of the body, usually results in equilibration with ambient 
temperature (of 21-24°C) at a rate of approximately 1°C per hour (Dix and Graham, 
2000). This initial fresh stage of human decomposition is predominantly characterised by 
autolysis which commences upon death (Vass, 2001). As blood flow ceases, tissues are 
devitalised and acidified as oxygen levels decrease and carbon dioxide levels increase. 
Cytotoxic waste metabolites accumulate and poison the cells. Concomitantly cellular 
enzymes such as proteases and lipases, no longer constrained by the in vivo biochemical 
equilibrium of homeostasis, lyse the cells from within. This causes them to rupture and 
release nutrient rich cytoplasm resulting in disseminated breakdown of cellular 
architecture (Ibid). The gross macroscopic effects of autolysis, such as skin slippage and 
the formation of fluid filled blisters, is dependent on intrinsic (e.g. body mass index) and 
extrinsic (e.g. environmental temperature) factors. It usually becomes apparent within the 
first few days of death (Vass, 2001). Insect activity is incepted by Dipteral oviposition, 
usually by Calliphoridae (blowflies) and/or Sarcophaga (flesh flies), and may occur 
anytime during this phase, provided the cadaver is accessible to them. As this phase 
progresses some of their first instar larvae (maggots) may be apparent, along with adult 
beetles (Reed 1958; Rodriguez and Bass, 1983; Simmons et al, 2010, Coles, 2014). 
 
 
 
Fig 1e: The fresh stage of decomposition in 
Sus scrofa, reproduced from 
www.deathonline.net, 2010. 
Fig 1f: The bloat stage of decomposition in 
Sus scrofa, reproduced from 
www.deathonline.net, 2010. 
The second stage of decomposition posited by Reed (1958) is bloat (figure 1f), or 
putrefaction. At 21-24°C, the right side of the lower human abdomen has taken on a 
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green discolouration within the first 24 hours of the postmortem interval, which spreads 
across the abdomen over the subsequent 12 hours (Vass, 2001). This green discolouration 
is due to the presence of sulfhaemoglobin, a breakdown product of settled blood, 
catabolised by bacteria in the gastrointestinal tract. These same bacteria then gain access 
to the vasculature, spreading and proliferating throughout the cadaver, and consuming the 
soft tissues (Ibid). They catabolise the nutrients obtained into liquids such as butyric, 
propionic, and other volatile fatty acids (notably putrescine and cadaverine giving 
decomposing remains their characteristic smell), and other simple molecules such as 
gases including hydrogen sulphide, methane, ammonia, sulphur dioxide, carbon dioxide 
and hydrogen (Ibid). It is the formation of these gases that results in the tissue distension 
or bloat that lends its name to this phase of decomposition. The increasing gaseous 
pressure causes putrefaction liquids, or ichors, to purge from the rectum, nose and throat 
and in some cases can cause tissues to rupture where it is greatest, such as the abdominal 
wall (Ibid). The skin slippage and blistering incepted by autolysis are now exacerbated by 
bacterial action. Hydrogen sulphide reacts with blood breakdown products causing black 
staining of vasculature walls. Those vessels nearest the skin become readily apparent as a 
distinctive “marbled” pattern (Dix and Graham, 2000, Vass, 2001). Insect activity, if 
present and uninhibited, increases during this phase. First, second and third instar fly 
larvae may well be present, along with beetle adults and larvae (Rodriguez and Bass, 
1983; Simmons et al, 2010, Coles, 2014).    
The cadaver now enters Reed’s (1958) posited third phase of decomposition, wet decay 
(see figure 1g). The active and advanced decay phases posited by Payne (1965) and 
others arguably refer to the initial and latter stages of the wet decay phase. During this 
phase decomposition gases escape readily, and liquefaction of soft tissues due to bacterial 
and invertebrate action progresses. Insect succession continues. Bacterial and invertebrate 
action slows as remaining ichors evaporate and soft tissues are lost. The remains of the 
cadaver now begin to dry out during the final of Reed’s posited phases of decomposition 
is dry decay, or diagenesis which may be subdivided into dry and remains phases, cogent 
with its initial and latter stages, according to Payne (1965) as shown in figure 1h. At this 
point, collagenous connective tissue (tendons and ligaments), keratinous structures (nails 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
29 
 
and hair), some desiccated skin, and the skeleton are all that remains (Rodriguez and 
Bass, 1983; Dix and Graham, 2000; Gunn, 2006). 
 
 
Fig 1g: The wet stage of decomposition in 
Sus scrofa reproduced from 
www.deathonline.net, 2010 
Fig 1h: The dry stage of decomposition in 
Sus scrofa reproduced from 
www.deathonline.net, 2010 
A succession of insect species, provided the cadaver remains accessible to them, will 
have continued to colonise the cadaver (Voss et al, 2007; Simmons et al, 2010). Decay 
during this phase is slower than previous phases, as collagenous connective tissues 
including the ligaments, tendons and other cartilage desiccate and break down, along with 
the remaining keratinous structures, the hair and nails (Dix and Graham, 2000). Finally, 
the cadaver is completely skeletonised and disarticulated, to a greater or lesser extent, 
depending upon its environment (Ibid). Human skeletal remains interred in a coffin and 
buried in dry soil are likely to remain reasonably intact for a long period, whereas a 
surface deposition in woodland is likely to result in the remains being scattered by the 
combined actions of weather and macro-fauna (Gunn, 2006). Environmental action may 
eventually cause the decomposition of the bones to dust. This process may take several 
years for a surface deposition or several millennia for buried remains, depending upon the 
context of the burial (Dix and Graham, 2000; Gunn, 2006). 
This four-stage model of human decomposition, whilst applicable in many cases, is a 
highly variable process (Gunn, 2006). The process described above fits a sheltered, 
surface deposited cadaver, at an ambient temperature of 21-24°C. The timescale of the 
decomposition process, and its nature, vary across multiple parameters. Work by Dr Tal 
Simmons et al at the University of Central Lancashire, UK, suggests that carcass size, and 
the presence or absence of penetrative trauma have negligible influence on rate of 
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decomposition to the point of skeletonisation, but that insect activity (due to consumption 
of tissue and increased localised temperature generated by larval mass) and ambient 
temperature are of primary import in this respect (Simmons et al, 2010; Cross and 
Simmons, 2010).  Comstock et al (2015) augmented the four stage process with extra 
stages to account for the presence or absence of insects, adding localised tissue removal, 
and desiccation stages to the model to give the sequence fresh, bloat, localised tissue 
removal, dry decomposition, and desiccation. This most recent work, building upon 
Simmons et al’s concerns suggests that while the four stage model of decomposition 
remains in some respects accepted, it is not accepted unequivocally, and should not be 
regarded as a standard. 
To determine the postmortem interval from the degree of decomposition as accurately as 
possible, it must be scored against time versus temperature over a known period, typically 
from when the individual was last seen alive to the discovery of the remains by the 
authorities (Megyesi, 2005). Lower ambient temperatures retard the decomposition 
process by inhibiting enzymic action during autolysis, bacterial proliferation and action 
during putrefaction, and insect activity throughout (Ibid). Extremely low temperatures i.e. 
below the freezing point of water can preserve a cadaver almost indefinitely in the fresh 
stage, such as in a permafrost burial (Ibid). Cyclic freeze thaw on the other hand is 
destructive to both soft tissue and bone, as repeated ice crystal formation disrupts these 
tissues. Conversely, higher ambient temperatures may accelerate the process, dependent 
upon other environmental factors (Ibid).  Thus postmortem interval is ascertained by 
plotting the degree of decomposition against accumulated degree-days. One degree-day is 
one day (24 hours) with the temperature above the lower threshold by one degree (Ibid). 
This can be centigrade or Fahrenheit. Obviously, these differ quantitatively (see fig 1i 
reproduced from Megyesi, 2005).  The cooling degree day is a variant of this 
(Buyukalaca, 2001). In the case of cumulative cooling degree-days, utilised in the 
research for this PhD, a base temperature of 4˚C was used. This is the temperature at 
which microbial decomposition and enzymolysis becomes unimpaired by low 
temperature (Megyesi, 2005). Cooling degree days are a measure of how much (in 
degrees), and for how long (in days), the outside air temperature was above a certain level 
(Buyukalaca, 2001). For this study it is indicative of all days during the measured soft 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
31 
 
tissue putrefaction period(s) where temperature is above 4˚C and thus within the 
temperature range of active microbial decomposition, and enzymolysis. Where Dd is the 
daily (cooling) degree-days for one day, Øb is the base temperature and Ø0,j is the outdoor 
temperature in hour j, the value is calculated as follows. The subscript denotes that only 
positive values are taken. 
𝐷𝑑 =∑ (∅𝑏−∅0,𝑗)24𝑗=1 ((∅𝑏−∅0,𝑗)>0)
24⁄   (CIBSE, 2006; Buyukalaca, 2001).  
 
Fig 1i: The degree-day, 
reproduced from Megyesi, 
2005. 
Humid conditions tend to promote decomposition, more so as ambient temperature 
increases. Very arid conditions, hot or cold, promote desiccation and thus preservation of 
the cadaver. Soil pH has an effect on cadaveric preservation. Deposition in acid soils 
favours soft tissue preservation, whereas deposition in alkaline soil conditions favours the 
preservation of bone (Mann et al, 1990). These factors as outlined by Mann et al (1990) 
were considered in the experimental designs for this PhD research. Other factors, again as 
outlined by Mann et al, can have an effect. Trauma, be it perimortem or postmortem, 
which compromises the epidermis of the cadaver, increases accessibility to bacteria, 
fungi, and insects, resulting in accelerated decomposition at optimal ambient 
temperatures for their activities (Ibid). The body mass index of the cadaver is of import. 
Obese individuals decompose more quickly than their slimmer counterparts, as autolysis, 
bacterial and insect action is promoted by adipose deposits in soft tissues. More available 
adipose literally provides more substrate to fuel enzymic autolysis, and more nutrients for 
bacteria and/or insects, whose increased activity promotes thermogenesis, again 
increasing the rate of decomposition (Ibid). Burial, especially at depths of more than 
60cm, deposition on or in an impermeable anthropogenic surface or container, or 
exposing the cadaver to certain chemicals, such as those used in embalming, decreases 
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micro- and macro-faunal accessibility to the cadaver, retarding the decomposition process 
comparable to a simple soil surface deposition (Ibid). Clothing shelters sunlight avoidant 
insect larvae, promoting decomposition (Ibid).  
The ‘typical’ four-stage model of the decomposition process as first posited by Reed 
(1958), or even as defined by Comstock’s (2015) augmented model, may not occur at all. 
Certain combinations of the environmental factors described above may lead to 
saponification, or mummification of the cadaver. In the case of saponification, the 
environmental conditions of deposition cause this chemical process to be incepted. In the 
case of burial, pH, temperature, oxygen and moisture content of the soil may all be 
contributing factors, as is the presence of certain bacteria such as Micrococcus luteus 
(Forbes et al; 2005; Nushida et al, 2008). Deposition in water is also likely to lead to 
saponification of the remains. Saponification is the process by which free fatty acids are 
formed from triglycerides in adipose tissue by hydrolysis, then, hydrogenated to form 
saturated fatty acids such as 10-hydroxystearic and 10-hydroxypalmitic acid amongst 
others, salts of which may form if conditions favour this (Ibid). The result is that the 
adipose tissue is converted in whole or in part to adipocere, a soap-like waxy substance 
that in certain circumstances, can lead to extended preservation of the cadaver (as shown 
in fig. 1j), effectively arresting decomposition prior to diagenesis (Dix and Graham, 
2000; Nushida et al, 2008; Forbes et al, 2005).  
  
Fig 1j: Adipocere formation upon the cheeks, from www.deathonline.net, 2010.  
Fig 1k: A mummified cadaver at the British Museum, from www.media-cdn.tripadvisor.com.  
In the case of mummification (see fig. 1k, above), a continuous airflow, for example in 
hot or cold arid environments, may not prove conducive to wet decomposition and 
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associated insect activity by evaporating body fluids (Takatori, 1990). The cadaver may 
thus become desiccated, and preserved, during the initial ‘fresh’ stage of decomposition 
(Schroeder et al, 2002; Verhoff et al, 2003). There has been a call from some quarters to 
dispense with Reed’s (1958) four-stage model, due to the intrinsic variability and 
inconsistency of the decomposition process, and replace it with a two-stage model, pre- 
and post-skeletonisation, flexible enough to take account of variables (Vass, 2001).  
With reference to skeletal material, diagenesis can best be described as cumulative 
biological, environmental and chemical processes resulting in modification of the 
chemical and structural properties of bone within the burial context. As defined by 
Nielsen-Marsh and Hedges (2000), diagenetic parameters in this context can be defined 
in terms of changes in histological indices and collagen content which register the effects 
of diagenesis on bone. Changes in porosity and crystallinity can be regarded as affecting 
the response of bone to its immediate environment (Ibid). The size of bone pores increase 
as collagen, other proteins, and glycans are lost, mainly due to microbial action spatially 
redistributing bone material in the early phases of diagenesis (resulting in localised 
deposits of hyper-mineralised hydroxyapatite). This negatively affects the structural 
integrity of the bone, impairs the ability of the bone to retain water (capillary action is 
dissipated by increase in pore size), decreases available reactive surface area, and allows 
more ground water to flow through the bone (Ibid). The geochemistry (mineral content 
and pH) of said groundwater eventually alters the chemistry of the bone by depositing 
and/or removing mineral content. This in turn affects crystallinity of the bone, which 
usually increases during diagenesis (Hedges, 2002; Nielsen-Marsh and Hedges, 2000). 
Ultimately such processes have an effect on the degree of dissolution (loss of mass) of 
buried bone, and a cogent effect on its mechanical properties. Loss of collagen is likely to 
decrease resistance to deformation, whereas changes in crystallinity and mineral content 
are likely to have effects on stiffness and toughness which in turn could be reflected in 
changes in fracture morphology (Smith et al, 2005). Arguably, the earliest initial phase of 
diagenesis of buried bone is cogent with the decomposition of soft tissue. Part of the 
research for this PhD is concerned with examining the effects of these changes upon 
fracture morphology. Diagenesis in terms of wider archaeology however, is an ongoing 
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process that may encompass hundreds, thousands or even millions of years depending 
upon the remains and the surrounding burial context being investigated (Ibid).  
1.5 Porcine Bone as an Experimental Analogue for Human Bone 
Porcine bone is considered an acceptable substitute for human bone in research and is 
easily obtained, although it is noted that surface texture is smoother, and cortical bone is 
thinner in porcine bone than in human. Porcine bone macrostructure is considered to be 
closely representative of human bone with regard to bone anatomy, morphology, healing 
and remodeling (Pearce, 2007; Ibrahim et al, 2006). In terms of microstructure, porcine 
trabeculae are denser, whilst lamellar bone is again widely considered to be similar to that 
of humans. Porcine bone also shows marked similarities in bone mineral concentration 
and mineral density to human bone (Ibid). It has been demonstrated however by 
Ioannidou (2003) that bone density values are statistically different amongst species 
which, in turn, means that different species do not survive equally density related 
taphonomic processes. Referring to porcine bone in particular, her study demonstrated 
that bone density in pigs varies according to sex and that those sex differences were 
influenced by age, with females seeming to have higher density when adult (Ioannidou, 
2003). She also found that there were differences in bone density values between adult 
and young pigs when complete skeletons were examined but not when only humeri and 
tibiae examined (Ibid). Also in this context, Robinson et al’s (2003) study on bone 
porosity (specifically nitrogen porosimetry) showed that the bones of modern domestic 
pigs are, on average, more porous than those of other ungulates, and should therefore be 
likely to degrade faster after burial (Robinson et al, 2003). They also demonstrated that 
there are systematic differences in porosity between different anatomical elements from a 
single individual and between adult and juvenile porcine bone with the latter showing 
greater porosity (Ibid). The implications of these observations for the experimental 
methodologies implemented during the course of the research for this PhD will be 
referred to in chapter two of this thesis, and again when positing the development of 
further work in chapter seven.  
Returning to the mechanical properties of porcine bone regarding fracture, porcine bone 
again has again been noted as similar to human bone in this respect (Seil et al, 1998). 
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Whilst canid bone has been argued by some to have greater similarity to human bone still 
in these respects, it is not readily available whereas porcine bone can be readily obtained 
from any commercial butcher or abattoir (Aerssens et al, 1998). Whereas canid status as a 
companion animal is likely to encounter rejection on ethical grounds if posited as an 
animal model for forensic science experimentation as here, no such stigma is ascribed to 
porcine bone as the animals are already farmed for human consumption (Ibid). Porcine 
analogues are thus widely used in osteological and/or decomposition studies in this 
context (Pearce et al, 2007; Seil et al, 1998; Ibrahim et al, 2006; Aerssens et al, 1998). 
Fresh porcine bone was used to represent perimortem bone in all experiments. 
Postmortem bone was decomposed in surface and burial scenarios. A predator cage was 
used to allow normal decomposition processes to occur (exposure to climatic events and 
insects) but prevented animals from carrying off the remains. Climatic factors were 
noted.  
1.6 Overview of Experiments 
The experiments conducted during the course of this PhD (see aims and objectives, 
above) are effectively a series of pilot studies, specifically to test aspects of the research 
design, and determine if further work is viable in order to eventually design forensic tests.  
1.6.1 Colorimetric Analysis of Bone Staining and the Munsell Scale 
Ante mortem trauma can be ruled out by establishing if bone remodeling has occurred at 
the fracture site. Three primary characteristics are commonly cited as useful when 
attempting to establish whether an injury was sustained perimortem or postmortem. 
These are colour variation, fracture morphology (outline, surface appearance, and angle), 
and microscopic characteristics (Weiberg and Wescott, 2008). Colour change or staining 
of the bone can be caused by putrefaction fluids, blood, soil, water, and organic matter. 
Staining from haemorrhage can occur at or near the fracture location (Sauer, 1998), but 
decomposition often eliminates this perimortem indicator (DiMaio and DiMaio, 2001). 
Anthropologists often look for colour differences between the bone fracture surface 
(cross-section of compact bone exposed by the passage of force) and the internal and 
external cortical bone surfaces. If fracture and periosteal cortical bone surfaces in a 
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forensic case are homogeneous in colour, the fracture is widely considered perimortem in 
origin (Zephro and Galloway, 1999). A colour differential would indicate postmortem 
modification. Equalised colour therefore may falsely indicate perimortem bone trauma. 
The purpose of this experiment was to determine if a colour differential was maintained 
between the external (periosteal) bone surface and the bone fracture surface, or whether 
equalisation had occurred during soft tissue putrefaction, and to comment upon the 
reliability of using this technique. Current research does not appear to have fully 
addressed this question (Weiberg and Westcott, 2008). Perimortem and postmortem 
trauma in porcine bone was examined by adapting the methodology of Weiberg and 
Wescott (2008). Fresh porcine ribs were fractured by sharp force trauma (inflicted on 
fleshed bone at 37°C) for heterogeneity of discolouration between external, internal and 
cross sectional bone surfaces to represent trauma occurring at the time of death. Wall-Kill 
Colour (tm) optical inspection software was used to compare colour differences to the 
Munsell standard every 28 days for a period of 140 days (equating to 638 cumulative 
cooling degree days in this instance). Intact rib samples from each deposition scenario 
were fractured by sharp force at the same 28 day intervals to provide a postmortem 
comparative, to represent staining due to taphonomic damage. At this juncture it is 
pertinent to outline the use of the Munsell standard in colorimetric analysis. 
Current scientific opinion remains undecided as to whether the phenomenological purity 
of certain hues should be explained couched in terms of human neuro-psychology, 
physics or both (Mollen, 2003; Smith and Pokomy, 2003; Shevell, 2003). During 
Newton’s early forays into colorimetry, he proved that white light was not homogeneous, 
but a heterogeneous mixture of differently refrangible rays that could be separated by 
refracting white light through a prism and that these could be  subsequently recombined 
via the same method. In everyday conversation, we use the term colour to define the hues 
of the surfaces in the world around us. In physical terms said hues are regarded as a 
product of the spectral reflectance of those surfaces i.e. the proportion of incident light 
reflected by them at each wavelength. Trichromacy is the most fundamental property of 
human colour vision, predicated on there being three types of cone receptor cell in the 
central fovea of the human retina, long-, middle-, and short-wave that are broadly tuned, 
with overlap in their sensitivities to their visual spectrum (Ibid). Rods, receptor cells at 
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the periphery of the retina, are primarily involved in scotopic vision, especially evident in 
adaptation in low light environments and are less able to discriminate hues. Each cone 
signals only the total number of photons it is absorbing per unit time, its rate of quantum 
catch. What we as human beings perceive as a particular colour in the physical sense is 
thus predicated on which proportions of a particular hue in terms of spectral reflectance 
of incident light correspond to the primary colours, red, blue and green, stimulating the 
long, middle, and short wave cones respectively (not mutually exclusively), across the 
visual spectrum (Ibid). This quantal hypothesis was formalised by Brindley (1957). 
Foveal colour matching is achieved when the quantal catch rate is equivalent for each 
active photopigment (photopsins in cones). Light must be absorbed by photopigments to 
be seen. The concentration of the photopigment and the length of the light path affect an 
absorption spectrum. As light traverses greater concentrations of pigment, more is 
absorbed, broadening the extinction spectrum. Taking Beer’s law into account, the 
overall spectral absorbance of each visual photopigment is equivocal to the product of the 
wavelength dependent absorptivity (extinction) coefficient, the light path length and the 
concentration of each photopigment (Mollen, 2003; Smith and Pokomy, 2003; Shevell, 
2003). The concentration and path length of each can now be expressed singularly as 
respective optical density. As three sets of cone visual photopigments, specific to each 
type of cone receptor, are present in the human fovea, colour matching can thus be 
considered trichromatic and photopigment limited (Ibid).  Sensitivity to light in the 
human visual system is the reciprocal of the quanta at the detection threshold in an 
inverse relationship. The human visual system can maintain an approximately even state 
of contrast over a range of 109 light levels. Detection thresholds are measurable across 
this range (Ibid).  In  (simplistic) neuro-psychological terms, the interaction of reflected 
light with the specialised photoreceptor neurons of the human retina (affected by 
individual visual acuity), results in the subsequent transmission of triggered neural 
impulses via the optic nerve to the occipital cortex where the information received is 
initially processed, before being disseminated to areas of the frontal, temporal, and 
parietal cortex, also active in the recall of mental imagery, for further processing (Ibid).  
The phenomenon of colour constancy, whereby the hues of objects or surfaces are 
perceived as stable despite variation in illumination and subsequently the spectral 
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reflectance of incident light, is due to the capability of the human visual system to extract 
a stable colour of an object or surface despite changes in receptoral quantal absorptions 
due to said variation, by processing photoreceptor processes from more than one object in 
the field of vision, and referring to remembered mental imagery cues in processing. How 
we ultimately perceive that information as colour is thus also influenced by individual 
cognition and neural adaptive plasticity, as well as external collective socio-cultural 
influences (Giannis; 2004; Mollen, 2003; Smith and Pokomy, 2003; Shevell, 2003). In 
order to quantify what we as experience as colour, chromaticity diagrams which tell us 
what mixtures of coloured lights that will match each other, expressed in terms of 
resolving the tri-stimulus values as quantifiable three dimensional vectors. Colour order 
systems that uniformly order colours spaced in terms of phenomenological experience, 
have been developed. This forms the basis of the science of colorimetry i.e. the provision 
of a system of quantifying colour measurements based upon the concept of equivalent 
appearing stimuli. The Munsell colour order system was originally conceptualized by AH 
Munsell in 1905. This system defines colour in terms of three scalar parameters, hue, 
chroma, and lightness, framed as a three dimensional model, measurable and thus 
interpreted, geometrically. Munsell hue is a circular scale incorporating ten major hues: 
Red (R), Yellow-Red (YR), Yellow (Y), Green-Yellow (GY), Green (G), Blue-Green 
(BG), Blue (B), Purple-Blue (PB), Purple (P), and Red-Purple (RP) (Indow, 1988; Indow 
and Kanazawa, 1960). 
These hues are further subdivided into a ten point scale, with the midpoint of said scale, 
five, denoting the major hue. Digit-letter annotation is then applied to specify the hue 
being measured, for instance 3.6 RP defines a hue at position 3.6 of the red purple 
category. The Munsell chroma scale starts at 0 and extends to the maximum possible 
chroma for each hue, perpendicularly intersecting the circular hue scale as would the 
spokes on a bicycle wheel (Indow, 1988; Indow and Kanazawa, 1960). A chroma value 
of zero indicates the absence of major hue, and is monochromatic i.e. black, white or grey 
(Ibid). The point of intersection with the Munsell lightness scale, which is termed value 
in the Munsell colour order system, and represented as perpendicular to the other two 
scales, can be visualised as a cylinder passing through the hub of the analogous bicycle 
wheel (see fig. 1l). It is again, a ten point scale, with zero defined as colours having the 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
39 
 
same lightness as black, diametrically opposed to colours with the same lightness as 
white, given a value of ten (Ibid). The full notational form for representing colours 
according to the Munsell colour order system is given in the order (1) hue, (2) value, (3) 
chroma. For example, 3.6 PB 6/7 refers to a purple blue hue at 3.6 on that scale, with a 
lightness of 6 (one point darker than the median), and a chroma of 7, 2 points above the 
value attributed to pure purple blue (Indow, 1988; Indow and Kanazawa, 1960).  
 
Figure 1l: Diagram Representing the Munsell Colour Order System, reproduced from 
www.colourlovers.com, 2011. 
In the forensic context, the Munsell colour order system provides a relatively user 
friendly, scientifically rigorous, standardised means of defining hue pertaining to objects 
and/or surfaces having evidential value, with a recognisable unified terminology. The 
cortical bone trauma sustained prior to and during the decomposition of soft tissue as the 
subject of the research for this PhD was viewed under standardised illumination and 
magnification, to minimise perceptual artefacts (Mollen, 2003; Smith and Pokomy, 2003; 
Shevell, 2003; Indow, 1988; Indow and Kanazawa, 1960). Finally, it is worth noting that, 
in a similar context, research by Cattaneo et al (2010) examined if histopathological 
staining methods could be applied to dry bone to distinguish between perimortem and 
postmortem traumatic fracture. Six samples of fractured, dry cadaveric bone were taken 
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(cranium, rib and tibia). Known survival periods ranged from a few seconds post trauma, 
to several hours, days and weeks. A known postmortem fractured bone was utilised as a 
control sample. The bone samples were decalcified and stained by Cattaneo et al with 
hematoxylin, eosin and Perl’s Periodic Acid Schiff (to demonstrate the presence or 
absence of hemosiderin deposits), phosphotungstic acid hematoxylin, and Weigert (to 
demonstrate the presence or absence of fibrin). In addition, immunohistocytochemistry 
was performed, namely a monoclonal antibody (antihuman Glycophorin A) assay. 
Cattaneo et al’s results demonstrated the presence of clots and erythrocyte residues on the 
margins of perimortem fractures, which are strongly indicative of a vital reaction, thus 
distinguishing perimortem fractures from postmortem fractures (Cattaneo et al, 2010). 
Whilst useful in making this distinction, it could be argued to have limitations if applied 
during the initial decomposition process, due to the presence of decomposing blood 
proteins, hence it was decided to use an adaptation of Weiberg and Westcott’s (2008) 
method for this PhD research. 
1.6.2 Changes in Micro-crack Characteristics on Fractured Bone Surfaces 
Rib bone samples were removed from each deposition scenario every 28 days, again for 
the same period, and fractured with blunt force. These postmortem bone samples were 
examined for changes in microstructural fracture characteristics on the fractured surfaces 
under SEM. A T0 sample (i.e. 0 days decomposition) was examined for the same 
microfracture characteristics to act as both a perimortem representative sample, and as an 
intrinsic experimental control.  The purpose of this experiment was twofold. Firstly it was 
to determine if any changes in these characteristics would occur during the soft tissue 
putrefaction period and if so, if they could be correlated with a specific timeframe. Such a 
correlation may have potential for use in narrowing down potential estimates of 
postmortem interval. Comparative studies on human cadaveric bone (archaeological 
examples of known perimortem trauma and taphonomic damage) were facilitated by high 
resolution casting with light body polyvinylsiloxane dental material, and again examined 
under SEM. Secondly it was to determine if changes in microfracture characteristics 
could be used to distinguish between perimortem and taphonomic bone trauma and if so, 
determine the potential for using this distinction as the basis for a forensic application. As 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
41 
 
micro-cracks (in the order of 0.1 to 1.0 mm to a maximum of 1.5 mm in the context of 
this experiment) provide measurable quanta, they provide a basis for inferential statistical 
analysis which will now be discussed further.  
The determination of perimortem trauma is important for forensic osteoarchaeologists 
and anthropologists. Gross morphological characteristics of perimortem bone trauma are 
currently believed to include sharp, jagged edges, presence of fracture lines, and smooth 
surfaces of fractured bone (Wheatley, 2008). In forensic cases these characteristics are 
examined in the context of known fracture typology to determine possible aetiologies 
such as sharp force (cut marks/kerfs caused by single strokes or repetitive cutting, shaved 
sections of bone, notches, transaction/cleavage of bone), blunt force (crushed/impacted 
bone with radiating fractures), penetrating versus non-penetrating wound etc. (Ubelaker, 
1997). The Fracture Freshness Index (FFI) as devised by Alan K Outram (Outram, 2001; 
Karr and Outram, 2012) defines three principal criteria of fracture: angle (criterion A), 
outline (B) and edge texture (C). These criteria are being used because they can be 
applied to all fragments (impact points, steps etc. cannot be expected to be present on all 
fragments). For each criterion, a score of zero, one or two was given to each fragment. 
Zero was scored if the fragment was entirely consistent with fresh fracture, equating to 
perimortem fracture in the forensic context. One was scored if some ‘unfresh’ features 
were present and two was scored if ‘unfresh’ features dominated. Therefore if a fragment 
had no fracture surface at 90° to the cortical surface it would score zero for that criterion. 
If for instance, 40 per cent of the fracture were at 90° then it would score one. If 50 per 
cent or more were at 90° then it would score two (Ibid). With regards to fracture outline, 
the presence of only a helical fracture means a score of zero, a mixture of fracture type 
means a score of one and a complete absence of helical fracture means a score of two. 
For fracture texture, a score of zero means an absence of roughness (apart from 
aforementioned stress-relief features); a score of one means some roughness but mainly 
smooth and a score of two means largely rough (Ibid). To create the index value for a 
given fragment, the scores for the three criteria are summed up. This gives an index 
ranging from zero to six. Zero indicates a specimen entirely consistent with fresh fracture 
and six indicates a specimen that has lost almost all fresh fracture features. To create an 
average index value, the mean of scores for each criterion was calculated for all 
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specimens in that particular assemblage and then those means were summed (Ibid). More 
recent work by Johnson et al (2016) on the zooarchaeological assemblage from 
Ludwinowo 7 has determined that similar fracture freshness analysis can also be used to 
profile taphonomic processes that have affected archaeological contexts through studying 
the types of fractures found on bones and the order in which they occurred. Outram’s 
fracture freshness index is arguably biased towards the use for which it was developed 
i.e. the analysis of bone subject to butchery for human consumption, and is fundamentally 
arbitrary and subjective in its scoring. Consequently this method does not lend validity to 
subsequent inferential statistical analysis. This arguably has some implications for robust 
archaeological analysis of fractured bone, but more so in its analysis in the forensic 
context, wherein the probabilistic interpretation of such scientific data must be seen to be 
implemented for said data to be acceptable as part of an expert testimony in a court of 
law.  
Many taphonomic processes alter bone, some of which can directly or indirectly result in 
postmortem bone trauma resulting in fracture and/or disarticulation. Such processes have 
been outlined by Ubelaker (1997) as follows. 
Animal intervention by: 
• Scavengers (gnawing, digestion). 
• Herd or other large animal movement (trampling, which may be causal of impact 
scars and/or spiral fractures similar to perimortem blunt force and torsional 
fractures respectively). 
• Burrowers (entrance fall).  
Physical processes which may have an effect can include: 
• Water transport/fluvial action. 
• Weathering (concentric flaking and cracking of bone due to water incursion, 
freeze/thaw, expansion and contraction due to temperature variation, and 
dehydration).  
• Sandblasting, burial, rock fall, diagenic movement, seismic shockwave (all of 
which may subject bone to blunt and/or sharp force trauma). 
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• Cryoturbation. 
• Acid erosion (from groundwater, plant roots or both) or mineralisation by 
groundwater.  
Human intervention whether unintentional (driving over remains, or disturbing remains 
with farm, excavation, or mining tools and machinery which may mimic perimortem 
sharp force trauma) or intentional i.e. deliberately excavating/moving remains, again, 
may contribute to postmortem bone trauma which may result in fracture. In the context of 
forensic examination, the importance of distinguishing perimortem fracture due to foul 
play, from postmortem taphonomic damage which may mimic it (even superficially) can 
thus be demonstrated (Ubelaker, 1997). It should be considered that there are 
microstructural correlates to gross morphology that could prove equally indicative of 
perimortem bone trauma which may likewise be transformed during decomposition, to 
then become indicative of taphonomic damage. Micro-cracks arguably have quantifiable 
metrics (such as length, angle of intersection, density) that lend themselves to subsequent 
inferential statistical analysis and thus have the potential to be utilised in this context.  
 
Osteonal cortical bone can be regarded as a micromechanical fibre reinforced composite 
material (Najafi et al, 2007), which is a model applicable to the experiments conducted 
with regards to micro-cracks for this PhD. Osteons, considered as fibres in this model, 
consist of 10 to 30 concentric lamellae of between 3 and 7 µm thickness, surrounding a 
fluid filled Haversian canal containing one or two blood vessels (capillaries) and nerve 
fibres. The osteon is separated from surrounding incoherent interstitial bone by a thin 
amorphous layer, the cement line (Ibid). When a bone cracks due to applied sharp or 
blunt force trauma, a stress field can be regarded as encompassing the edge of main 
cracks according to linear elastic fracture mechanics, as a function of location, loading 
and geometry, as the crack propagates. It is within this stress field, providing that 
inelastic deformation remains comparatively small, that micro-cracks occur (Ibid). It is 
widely reflected in the literature that osteons acting as fibres in terms of structural 
dynamics in this model, prevent the propagation of micro-cracks (O’Brien et al, 2005; 
Reilly and Currey, 2000; Najafi et al, 2007; Vashishth et al, 2000). Johnson and Shipman 
(1981) discuss microscopic examination of fracture surfaces using scanning electron 
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microscopy. While the fracture surfaces of bones broken fresh appear smooth 
macroscopically, Shipman found that perimortem fractures appear roughened and string-
like microscopically (Ibid). The reason for this microscopic appearance is that the 
fracture front either follows the predominant direction of mineralised collagen bundles or 
breaks the bonds between adjacent bundles. Conversely, fractures of dry bone will have a 
roughened and stepped appearance both macroscopically and microscopically because the 
fracture front perpendicularly intersects the collagen bundles (Johnson and Shipman, 
1981). As the elasticity, strength and toughness of fresh and dry bone differ, it is 
reasonable to consider that micro-cracking of fractured surfaces will likewise, show 
differences. During initial decomposition of soft tissue, it is possible that the tissue fluid 
in Haversian canals is replaced to an extent, at least in close proximity to the site of 
trauma, by putrefaction fluid (a variable mixture of cellular and tissue residues, and 
complex fatty acids bathing the bone) due to capillary action  (Charlier et al, 2008). This 
could be in the case of perimortem trauma, or if taphonomic damage occurs when 
putrefaction fluid is present. As decomposition progresses, putrefaction fluid seeps away 
and/or evaporates, proteins and other organic components lyse, and bone progressively 
dries (Ibid). As progressive changes in organic components and hydration of bone will 
progressively affect its mechanical properties, the application of a standardised impact 
trauma to bone at equal intervals during soft tissue decomposition to fracture the bone 
was utilised to examine cogent changes in micro-cracking. Scanning electron microscopy 
of perimortem and taphonomic bone trauma was used to investigate these microstructural 
features (Kuhn et al, 2007; Slaets et al, 2006). It is theoretically possible to use SEM to 
quantify different modes of single, parallel, and crosshatched cracks, and determine if 
certain combinations of such microstructural features are specific to perimortem bone 
trauma and/or a specific point in soft tissue decomposition by correlating time since 
deposition and prevailing temperatures, with known deposition conditions (Nagajara et 
al, 2003). It was decided to concentrate upon length, as this proved to be the most readily 
measurable quanta for possible development as a forensic test of PMI. The elucidation of 
such micro-structural correlates as micro-cracks also has beneficial implications for 
archaeological investigations of battlefield trauma, sacrificial practices, and comparative 
analysis of suspected perimortem trauma in early hominids to name a few examples, thus 
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contributing to providing insight into the cultures of the past, as well as contributing to 
providing closure for the bereft in the present in the forensic context.  
The scanning electron microscope (SEM) allows for micro-cracks in bone to be examined 
and characterised on a nanometre to micrometre scale. In the SEM the area or micro-
volume of interest is irradiated with a finely focused electron beam. In the case of the 
research presented for this PhD, the energic intensity of this beam was in the order of 14 
kilo electron volts (keV), which was swept across the bone samples being examined as a 
raster to obtain an image, referred to as an electron micrograph (Reimer, 2000). The 
electrons are produced by a heated filament, made of tungsten in the case of the SEM 
used for this research, which are accelerated via the grid cap from the high negative 
potential of the filament to the lower potential of the anode plate inside the electron gun 
(a range of 0-30KeV, typically). They are then focused through a series of electron lenses 
(condensers) interspersed by spray apertures, via a scan coil that facilitates magnification 
control to the sample, and acts as a deflection system allowing the beam a controlled 
sweep point-to-point across the sample, the raster (Ibid). The electrical and magnetic 
fields within the gun and focusing lenses determine the trajectories of the electrons in the 
beam, generated by the thermal source, toward the sample over a distance of 500mm. The 
sample chamber was evacuated to a pressure of 10-5 Pa, effectively a vacuum for the 
purposes considered here, to minimise the presence of gas molecules that could 
potentially deflect the electrons in the incident beam. As these negatively charged 
electrons enter a specimen, they interact with positively charged protons within atomic 
nuclei, and associated orbital electrons of specimen atoms. This interaction results in 
deflection of electrons across new trajectories sans loss of kinetic energy, resulting in 
their lateral spread from the initial footprint of the incident electron beam, a process 
termed elastic scattering (Ibid). This elastic scattering, after various intra-specimen 
collisions, repulsions etc., results in some electrons exiting the specimen surface. This is 
backscattering. Simultaneously, inelastic scattering whereby incident beam electrons lose 
kinetic energy via energic transfer to specimen atoms, takes place. This is the source of 
secondary electrons exiting the sample surface, as well as X-rays characteristic of specific 
elements (Ibid). The imaging signals producing the electron micrograph are processed as 
a function of the quanta and energy of secondary (<50 eV) and backscattered electrons 
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(>50 eV), varying with the topography of the sample surface. An Everhart-Thornley 
detector (scintillator/photomultiplier array) collects these electrons when a positive 
voltage is applied to the collector screen in front of it, the signals from which are 
processed in a PC via installed software for the purpose OK. On the instrument used for 
this PhD (see materials and methods), the PC also facilitated operator control of the SEM, 
image processing, and digital storage (See figs 1m and 1n). 
 
 
Fig 1m above: SEM Image Acquisition to Digital 
Storage Schematic (reproduced from   http://www-
oldwemif.pwr.wroc, 2011).  
Fig 1n: Schematic of a Scanning Electron Microscope 
(reproduced from www.microtechsciences.com, 
2011). TV Scanner now superseded by digital 
imaging and storage. 
 
Putrefaction fluid, as aforementioned, is the result of liquefaction of soft tissues during 
the decomposition of human or animal remains, mixing with blood transudates. It is a 
variable mixture of cellular and tissue residues, and complex fatty acids (Child, 1995). 
Putrefaction fluid is red in colour, viscous, and acid in pH, typically pH 5-6. The fatty 
acids, generated by anaerobic microbial metabolism, are known to partially demineralise 
hydroxyapatite and in so doing, expose collagen to collagenolytic enzymes, contributing 
to corrosion of exposed bone surfaces (Ibid). As outlined by Charlier et al (2008), 
putrefaction fluid is initially present in the anatomical cavities of the body. In the case of 
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the archaeological human remains examined as comparatives for the experiments for this 
PhD, it would have covered parts of the skeleton during soft tissue decomposition. For 
remains with perimortem bone trauma, it is reasonable to assume that the exposed 
fractured surfaces would be exposed to ingress of putrefaction fluid. The internal surfaces 
of the experimental porcine bone samples for this PhD were similarly exposed (to a more 
limited extent) to putrefaction fluid resulting from the liquefaction of soft tissue present 
(muscle, adipose and skin, again mixed with blood transudates). In the case of 
taphonomic damage to the archaeological human remains examined, ingress of 
putrefaction fluid would occur if that damage occurred whilst it was present. Fractured 
surfaces of the experimental postmortem porcine bone samples were likewise exposed. A 
common morphology and topography of fractured surfaces, more so at the trabecular 
margins as opposed to the denser lamellar layers of the cortical bone, was noted at 82 
cumulative cooling degree days in the experimental porcine samples, and in the human 
remains subjected to perimortem bone trauma. This nodular appearance was suspected to 
be due to ingress of putrefaction fluid, and in particular to the corrosive effect of fatty 
acids. To test for this, an isolated fatty acid, stearic acid, was utilised under controlled 
experimental conditions, in an attempt to replicate the observed changes to fractured bone 
surfaces. Although this test was used in the context of this PhD to account for a variable 
encountered during experimentation on changing micro-crack morphology, there is the 
potential for further work to be developed to determine if a fracture took place during the 
presence or absence of putrefaction fluid. 
1.6.3 Vickers Hardness as a Potential Tool for Mapping the Postmortem Interval  
Changes in specific mechanical characteristics were then investigated. Porcine tibiae and 
femora were machined to provide uniform sample sizes and then subjected to indentation 
of cortical bone to test Vickers hardness (HV). The samples were again taken every 28 
days for 140 days (equating to a total of 1450 CCDD) from surface and burial deposition 
scenarios. The initial perimortem analogue sample again acted as an internal control. This 
experiment was to determine if changes in HV correlated with any particular timeframe 
during the soft tissue putrefaction period of the immediate postmortem interval, with a 
view to eventual further development as an indicator of time since deposition. Initial 
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results suggested that this is a possibility. The Vickers hardness test method consists of 
indenting the test material, cortical bone in the case of this research, with a diamond 
indenter in the form of a pyramid with a square base and an angle of 136˚ between 
opposing faces subjected to a test force of between 1gf and 100kgf according to the 
following US standards: ASTM E384 – micro force ranges – 10g to 1kg; ASTM E92 – 
macro force ranges - 1kg to 100kg and ISO 6507-1, 2, 3 – micro and macro ranges; which 
is equivalent to British EU Iso Standard 6507, 2005, as illustrated in fig. 1o 
(http://www.instron.co.uk/wa/applications/test_types/hardness/vickers.aspx; 
www.iso.org/, 2013). 
 
Fig 1o: Vickers Hardness Indentation reproduced from 
http://www.instron.co.uk/wa/applications/test_types/hardness/vickers.aspx, 2013. 
The full load was applied for 10 to 20 seconds, which is the dwell time in which the 
indenter was in contact with the (bone) sample surface. If the material tested is uniform 
(cortical bone was regarded as a fibre reinforced composite material in this context), the 
Vickers values will be the same if tested using a 500g force or a 50kg force. The two 
diagonals of the indentation left in the surface of the material after removing the applied 
load was measured using a microscope and appropriate scale, and their average 
calculated. The area of the sloping surfaces of the indentation was calculated and the 
Vickers hardness, HV, obtained by dividing the load (in kgf) by the area of indentation 
(in mm2) by applying the formula thus:  HV = (2FSin 136˚/2)/d2 = 1.854(F/d2) where F is 
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the applied load (kgf), d is the arithmetic mean of the two diagonals, d1 and d2 in mm 
and HV is the Vickers Hardness number (Ibid). 
As changes in bone micro-crack characteristics during soft tissue putrefaction may be 
linked to cogent changes in bone hardness, this seemed the next logical point of 
investigation.  Measuring Vickers macrohardness proved a convenient research tool for 
such an experiment. With regards to the current literature, both the level of hydration in 
bone and its organic matrix can be seen to contribute significantly to its hardness. A 
literature review by Bandini et al (2013) showed a consensus that soft tissue removal 
modifies water content of bone, leading to drying or hydrated conditions. Dall ‘Ara et al 
(2007) likewise found a 10% increase in Vickers microhardness of trabeculae from wet to 
dry bone that had been dehydrated by exposure to a concentration gradient of 70% to 
absolute ethanol. Drying was found to increase the elastic modulus and hardness of bone, 
and to decrease the toughness and the strain to fracture (De-Macedo-Soares-Silva et al, 
2005; Rho and Pharr, 1999; Townsend et al, 1975; Amprino, 1958). Currey (1988) 
showed that rewetting dried bone restored the mechanical properties to values similar to 
those of fresh specimens. Amprino (1958) found that higher drying temperatures 
produced greater increases in microhardness. Bone, especially when weight bearing, is 
structurally stronger in the longitudinal plane than the tangential due to longitudinal 
orientation of mineralised collagen fibrils in the lamellae, with cogent anisotropic 
variation in Vickers hardness (Riches, 1997). Boivin et al (2008) performed a 
comparative study on osteoporotic and osteomalacic patients (sampling calcanei and iliac 
biopsies) and determined that although Vickers microhardness in bone was strongly 
correlated to mineralisation and that the organic matrix accounted for about one third of 
its variance. They found that mineralisation was an important determinant of 
microhardness, but did not explain all of its variance. To highlight the role of the organic 
matrix in bone quality, they tested microhardness of both osteoid and adjacent calcified 
matrix (hydroxyapatite) in iliac samples from subjects with osteomalacia. Microhardness 
of organic matrix was found to be 3-fold lower than the microhardness of calcified tissue 
(Ibid). From the evidence in the literature pertaining to fresh bone, by logical 
extrapolation, both dehydration and breakdown of proteins and other organic components 
were thus to be considered as contributory factors affecting variance in hardness in 
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progressively decomposing bone (Weiberg and Wescott, 2008). Hence both TGA and 
ZooMS were employed to examine these variables during the course of this PhD. 
As no references to hardness testing of decomposing bone were found during the 
literature review for this thesis, there are implications for the research here. Firstly does 
(Vickers) macrohardness change during the decomposition of soft tissue, if it is known to 
vary with processing to remove that soft tissue? It then had to be considered if any such 
change is significant enough to tie a particular macrohardness range to a specific 
timeframe during soft tissue decomposition, taking into account ambient temperature, 
environmental factors and deposition scenario, in order to aid in determining a time of 
deposition. Finally, the possible macrohardness of fresh bone compared to that of 
decomposing bone needed to be considered in the context of its effects on trauma/damage 
morphology, such as micro-cracking, with a view to corroborating evidence of 
perimortem bone trauma in the context of possible forensic testing. The results for the 
experiments conducted in the course of the research for this thesis suggested that such 
corroboration may be possible.  
Dall ‘Ara et al’s (2012) Berkovich micro-indentation hardness study on damaged and 
intact fresh human bone determined that micro-indentation was found to discriminate 
between highly damaged and intact tissue in both trabecular and cortical bone when 
tested in vitro (Dall ‘Ara et al, 2012). The damaged regions of bone showed 50% lower 
stiffness and hardness compared to undamaged regions. Interstitial bone was stiffer and 
harder than osteonal bone, which was stiffer and harder than trabecular bone indented in 
the transverse direction. Along the longitudinal direction intact trabecular bone was 16% 
less stiff than the intact interstitial bone and as stiff as intact osteonal bone (Ibid). A 
salient digression should be considered at this juncture. Bandini et al (2013) performed 
Vickers micro-indentation tests on longitudinal and tangential sections of bones. The 
bones in Bandini et al’s experiment were subjected to three treatments to remove soft 
tissue: macerating (normal condition), boiling (physical condition) and drying for 1 hour 
at 100˚C in a furnace (dehydration) and cleaning in a bleach solution (chemical 
condition). In the case of the latter the sodium hypochlorite was known to attack and 
oxidise the protein bond in bone, removing the organic components and causing 
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deproteinisation (therefore affecting collagen). They determined a variance of 0.2 GPa 
macrohardness (for both longitudinal and tangential bone sections) between these 
methods of removing soft tissue, often used by forensic anthropologists. This has a 
negative implication for the generation of standardised results in the forensic context with 
regards to testing (other than gross morphological examination) that should be considered 
prior to defleshing bone. If Vickers or other methods of hardness testing are to be 
considered within the scope of forensic anthropology, conducting such tests prior to any 
processing or cleaning of bone in the evidential context should in turn be carefully 
considered. Consequently, these methods of cleaning were not employed during the 
course of the research for this PhD. Soft tissue was mechanically removed, no other 
processing of bone was utilised for this purpose. 
1.6.4 Thermogravimetric Analysis to Measure Changes in Water Content 
As mentioned above, there is a general consensus in the literature that dehydration affects 
the mechanical characteristics of bone, so it had to be considered as a possible unifying 
factor underlying changes in hardness and microfracture characteristics during the soft 
tissue putrefaction period. The role of water (in relation to collagen) in bone was 
investigated by examining changes in the level of hydration in bone during soft tissue 
decomposition via thermogravimetric analysis (TGA) (Heal, 2002). The same sample 
parameters were used. The purpose of this experiment was threefold. Firstly any changes 
in water and/or collagen content could be correlated to time and temperature in the 
immediate postmortem interval (soft tissue putrefaction period), for use as a potential 
indicator of time passed during that interval. Secondly any such changes in hydration 
could be correlated to changes in other characteristics observed during the course of the 
other experiments conducted, i.e. changes in micro-crack characteristics, Vickers 
hardness, or ICP-OES elemental profiles (see next). Finally, it was used to test if TGA 
can discriminate between porcine bone samples decomposed in surface and burial 
deposition scenarios (Raja et al, 2009). Any such differential in the rate of dehydration of 
bone during soft tissue putrefaction could also have potential with regards to developing a 
forensic field application. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
52 
 
Thermogravimetric analysis is defined by the International Confederation of Thermal 
Analysis and Calorimetry as a technique in which the mass change of a substance is 
measured as a function of temperature whilst the substance is subject to a controlled 
temperature programme (Heal, 2002). Results are presented as a sigmoid plot of mass lost 
against time and/or temperature. The mass lost at a particular temperature over a given 
period of time illustrates the thermal decomposition of specific molecules and is thus 
indicative of the chemical composition of the substance. Typically a sample of 10 to 100 
mg mass is placed in a small inert crucible (e.g. ceramic) attached to a microbalance on 
rotating pivot (monitored electronically to detect mass loss). This is calibrated against a 
standard sample of known mass. This is referred to as a null deflection system, which 
keeps the sample in the same position (to minimise error) whilst encased in the furnace, 
which moves over the sample by means of a sliding (hydraulic) support (Heal, 2002). The 
furnace heating element consists of a resistive alloy wire. Temperature is controlled and 
monitored by a series of thermocouples interfaced to a standard personal computer. 
Temperatures typically can be ranged from ambient (20 +/- 5˚C) to 1600˚C. The 
atmosphere is also controlled, and typically an inert gas flow such as helium is utilised, as 
static air would facilitate oxidation of the sample. Controlled cooling is facilitated by a 
liquid nitrogen feed. A simplified schematic is shown below in fig. 1p (Ibid). 
Jong Jin Lim’s (1975) paper ‘Thermogravimetric Analysis of Human Femur Bone’ is 
arguably the first use of thermogravimetric analysis that was applicable to the forensic 
anthropology discipline. Lim thermally decomposed a 2 mm3 sample of 20 year old 
human femur bone in air in the temperature range 25˚C to 1000˚C, for which the 
differential primary loss curve yielded four distinct peaks. Drawing on previous data from 
tendon collagen, and known values for water, Lim identified the first mass loss peak 
between 25˚C and 200˚C as dissociation of water from collagen. The second significant 
mass loss peak occurred between 200˚C and 400˚C and was identified as resultant of 
thermal decomposition of collagen protein, and the third peak at 597˚C as residual 
organic components (non-collagenous proteins) associated with collagen. The fourth peak 
was identified by Lim as being linked with water and other losses associated with the 
thermally mediated transformation of hexagonal α-tricalcium phosphate crystals to 
rhombohedral β-tricalcium phosphate crystals between 700˚C and 780˚C. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
53 
 
 
 
 
Fig 1p: Schematic of a Thermogravimetric 
Analyser reproduced from Aisyah et al 
(2013). 
 
Lim posited that the femur examined contained 28% protein and 8% water by mass (Lim, 
1975). Raja et al (2009) obtained comparable results in their experiments to estimate pig 
bone age (at death) using thermogravimetric analysis with a view to developing a forensic 
application of this technique. Raja et al dried 2 mm thick bone slices from pigs aged 3 
months to 7 years that had been subjected to shallow burial for a designated time period 
at 50˚C for 2.5 hours to remove moisture. Thermogravimetric analysis of the samples was 
then carried out, with the samples being heated from ambient temperature to 1000˚C at 
10˚C min-1 in both air and nitrogen atmospheres as a point of comparison. Raja et al’s 
results were congruent with Lim’s in that steps attributed to water loss were evident at 
50-220˚C, and between 400-600˚C, associated with the thermal decomposition of 
collagen (and other proteins) respectively (Ibid). Raja et al also noted a stepwise loss of 
mass between 650 and 850˚C which they associated with the loss of carbon dioxide from 
carbonated hydroxyapatite in an air atmosphere, or further thermal decomposition of 
protein in an inert (nitrogen) atmosphere as compared to Lim’s posited crystalline 
transformation. Raja et al concluded from their results that total mass loss during 
thermogravimetric analysis decreased with postmortem age up to 23 months (more 
apparent in an air atmosphere), thus demonstrating a potential forensic application of 
thermogravimetric analysis in this context.  Raja et al went on to determine that, for the 
purposes of storage of forensic bone specimens, freeze dried ground, as opposed to oven 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
54 
 
dried ground samples (again determined by experimentation on porcine bone) provided 
the most consistent results with thermogravimetric analysis, with the only variation in 
mass loss being consistent with age at death (Ibid). Drying does however, negate 
measurement of mass loss due to water desorption. Figueiredo et al’s (2010) study on 
calcination of cortical bone suggests there is validity to both Lim’s and Raja’s posits on 
the 850˚C peak/step in the mass loss curve. Figueiredo et al employed Fourier transform 
infra-red spectroscopy to determine that at 900˚C carbonate is no longer present in human 
and animal bone, and then employed X-ray diffraction to determine that crystallinity 
degree and crystallite size of calcium phosphor composites increased with calcination 
temperature (600-1200˚C); (Figueiredo et al, 2010). 
With regards to time elapsed since deposition of bone in the archaeological context, work 
by Tomassetti et al (2013) on 23 samples of fossil human bone obtained from the El Geili 
necropolis in Egypt has determined that chemometric processing of data obtained from 
thermogravimetric analysis (again stepwise increments between ambient and 1000˚C at 
10˚C min-1) conducted on them, accurately facilitated distinction between (relatively) 
more recent, and older, more mineralised samples according to collagen to carbonate 
ratios (Tomassetti et al, 2013). More recent archaeological samples showed greater mass 
loss attributed to the thermal decomposition of collagen, ergo more collagen was 
evidently present in comparison to the older samples (Ibid). With regards to locus of 
deposition, Onishi et al’s (2008) thermogravimetric mass spectrometry study of 45 kg 
pigs decomposed over a period of 1 to 5 years in a range of deposition scenarios 
(clothed/unclothed, surface/burial, car purged with carbon monoxide replicating suicide) 
determined that significant differences in mass loss (again during thermogravimetric 
analysis at stepwise increments between ambient and 1000˚C at 10˚C min-1 in an inert 
argon gas atmosphere) could not only be attributed to age at death, but also to locus of 
deposition. Unclothed surface deposited pig bone showed less water loss (220˚C step) 
than its buried counterpart for example. Mass spectrometry data pertaining to chemical 
variation of organic components of bone due to decomposition in different deposition 
scenarios over time, showed direct correlation (Onishi et al, 2008). Previous studies have 
indicated thermogravimetric analysis has some validity in determining age at death of 
porcine bone from collagen levels, and that water desorption can be similarly quantified. 
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Lim’s study indicated comparable data can be elucidated from human bone (Lim, 1975). 
The next logical step, following on from Onishi’s work, was to see if comparable 
discrimination was possible during the soft tissue putrefaction period, hence the 
experiments carried out as part of this PhD research. 
1.6.5 Inductively Coupled Optical Emission Spectroscopy and Elemental Profiling 
The same samples were analysed by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) to determine if any changes in bone mineral content had 
occurred during soft tissue putrefaction, again to provide another potential means of 
mapping changes in bone against time in the immediate postmortem interval. In 
inductively coupled plasma optical emission spectrometry (ICP-OES), the sample of 
interest (decomposed porcine and comparative human bone samples in the experiments 
conducted for this PhD) is subjected to temperatures high enough to cause not only 
dissociation into free atoms in the gaseous state, but also to cause significant amounts of 
collisional excitation and ionisation of the sample atoms to take place. This plasma 
discharge is considerably hotter than flame or furnace sources (4000˚C+ is possible). The 
electrical plasma used for analytical OES is highly energetic, ionised argon gas (Hou and 
Jones, 2000).  
Both the atomic and ionic excited state species may then relax to the ground state via the 
emission of a photon (Ibid). These photons have characteristic energies that are 
determined by the quantized energy level structure for the atoms or ions. The relationship 
between this energy difference and wavelength of light can be derived through Planck’s 
equation, E = hn where E is the energy difference between two levels, h is Planck’s 
constant (6.62606957 × 10-34 m2 kgs-1), and n is the frequency of the radiation. 
Substituting c/l for n, where c is the speed of light (299 792 458 ms-1) and l is 
wavelength, we get E = hc/l. This equation shows that energy and wavelength are 
inversely related, i.e. as the energy increases, the wavelength decreases, and vice versa 
(Boss and Fredeen, 1997). In ICP-OES, the intensity of the light emitted at specific 
wavelengths associated with these transitions for specific elements is measured and used 
to determine the concentrations of those elements of interest in the sample, in this case 
specific metals (cations) in the bone matrix. Thus the wavelength of the photons can be 
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used to identify the elements from which they originated. The total number of photons is 
directly proportional to the concentration of the originating element in the sample (Ibid).  
The ICP-OES argon excitation source can populate a large number of different energy 
levels for several different elements at the same time, making it a useful method for the 
analysis of composite materials such as bone. The excited atoms and ions can then emit 
their characteristic radiation at nearly the same time (Hou and Jones, 2000). This gives 
flexibility to distinguish between several different emissions wavelengths for an element 
and the ability to measure emission from different elements concurrently. The 
disadvantage is that as the number of emission wavelengths increases, the probability also 
increases for interferences arising from emission lines too close in wavelength to be 
distinguished (Ibid). For the purposes of this PhD research, this technique was used to 
measure the concentration of specific elements within the bone samples of interest to be 
quantified, namely boron, calcium, iron, potassium, sodium, magnesium, zinc, and 
phosphorous, to determine if any significant changes in the concentrations of these 
elements occurred during the soft tissue putrefaction period. The detection limits for the 
Perkin-Elmer Optima 2100 DV ICP-OES system used in this experiment for the elements 
specified are typically between 0.5 and 15.5 parts per billion (http://perkinelmer.co.kr,  
2015). Samples must be in liquid form that is then nebulized into an aerosol in order to be 
introduced into the ICP. In the case of bone this necessitates an initial hot acid digest. The 
sample aerosol is then carried into the centre of the plasma by the nebulizer argon flow. 
The ICP discharge appears as intense brilliant white, and teardrop-shaped. At the base, 
the discharge is toroidal because the sample-carrying nebulizer flows through the centre 
of the discharge. The induction region (toroidal body), shown in fig. 1q, is where the 
inductive energy transfer from the load coil to the plasma takes place. This is the area 
emitting white light (the argon continuum). The sample introduced through the induction 
region into the centre of the plasma results in it being desolvated, vaporised, atomised, 
excited and/or ionised (Boss and Fredeen, 1997). 
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Fig 1q: Zones of the ICP. IR - Induction Region, 
PHZ - Preheating Zone, IRZ - Initial Radiation 
Zone, NAZ - Normal Analytical Zone 
(reproduced from Boss and Fredeen 1997). 
The literature suggests ICP-OES is utilised in five main contexts in the forensic analysis 
of bone, either in isolation or conflation: 
• The elemental analysis of contaminants introduced into the bone by trauma. 
• The elemental analysis of contaminants taken up by bone via physiological 
processes. 
• The elemental analysis of contaminants incorporated into bone via taphonomic 
processes. 
• The elemental analysis of bone to provide geographical provenance. 
• The elemental analysis of burned bone. 
 
One of the most salient recent examples of ICP-OES used to analyse elemental 
contaminants introduced into bone by trauma is Amadasi et al’s ballistics experiment on 
bovine ribs (Amadasi et al, 2013). Sixteen adult bovine ribs, eight with (fresh) soft tissue, 
eight skeletonised, were shot with both 9 mm full metal jacketed and unjacketed bullets. 
The gunshot trauma sites were then swabbed and examined for the presence of Pb, Sb, 
Ba, Zn and Cu utilising ICP-OES. The ribs were then calcined and re-examined for the 
same metals utilizing ICP-OES. Correlation with the initial swabs indicated ICP-OES has 
significant potential as a means of forensic analysis in this instance (Ibid). The most well 
documented ICP-OES elemental analyses to contaminants taken up by bone via 
physiological processes pertain to lead (Pb). Chronic lead poisoning in humans results in 
liver, kidney, haemopoietic and central nervous system dysfunction with widespread and 
complex associated pathology (Gangoso et al, 2009). Over 90% of the total body burden 
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of Pb in birds and mammals is taken up by bone as the Ca2+ cation in hydroxyapatite can 
be readily replaced by Pb2+ (Ibid). One example of such an analysis is Gangoso et al’s 
work on Egyptian vultures in the Iberian Peninsula, demonstrating uptake of lead into 
bone in a long-lived vertebrate species regularly exposed to lead ammunition during the 
(anthropogenic) hunting seasons of its lifetime (Gangoso et al, 2009). The main 
conclusion of their study was a negative correlation between increased lead bio-
accumulation and reduced bone mineralisation. This finding may have forensic 
connotations if proven in humans.  
Gallello et al’s (2013) ICP-OES elemental analysis on archaeological bone (ancient 
Iberian human skeletal remains, III-II BC) suggests diagenetic factors, substantially 
chemical interaction with the burial substrate, can alter the elemental composition of 
buried human bone, especially in the outer layers of bone in direct contact with that 
substrate (Gallelo et al, 2013). Gallello et al’s study corroborates Arroyo et al’s (2008) 
study on manganese oxide/hydroxide coated faunal bone remains associated with soil 
humification linked to human occupation in El Miron Cave, Cantabrian Spain in the 
Magdalanian period circa 12000 BC (Arroyo et al, 2008). In the forensic context this 
point suggests the possibility of using ICP-OES to determine if human remains have been 
moved and reburied, dependent on the timeframe required for such a change in elemental 
composition to take place. With further regards to geographical provenance, Simon et al’s 
(2012) canonical ICP-OES discriminant analysis indicated the separation of rural and 
urban amphibian populations based upon significant differences in the concentrations Ca, 
P, Mg, B, and Zn. Crucially the Ca and P concentrations were between and 8 and 10% 
lower in the urban population, which may thus have an effect on the structural integrity of 
hydroxyapatite and in turn the bone itself as a composite material (Simon et al, 2012).  
From the literature, one of the ICP-OES elemental analyses of burnt human bone most 
pertinent to the forensic anthropology discipline is Sawasdee et al’s (2012) “Elemental 
analysis of burnt human bone for classifying sex and age at death by logistic regression”. 
Sawasdee et al applied Mann-Whitney U and Kruskal-Wallis statistical tests of 
significance to three ICP-OES measurements on burnt human bone samples from 43 
males and 32 females, specifically on the concentration ratios of six elements above the 
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ICP-OES detection limit: Al, K, Mg, S, and most saliently Ca and P (hydroxyapatite). 
Sex and age groups (20-30, 31-60) were found to be distinguishable at 79.6% and 75.1% 
respectively (Sawasdee et al, 2012). With regards to the elemental analysis of 
contaminants in burned bone, Brooks et al’s (2006) experiment highlighted the difficulty 
of classifying powdered burned bone when mixed with a contaminant of similar 
elemental composition, namely powdered concrete. Brooks et al found that applying 
variable cluster and principle component statistical analyses to the results of ICP-OES 
analyses of powdered bone and concrete mixtures for concentrations of Sb, B, Li, Mn, Sr, 
Tl, and V, determined that such mixtures with 50% or less human bone content would be 
classified as concrete, whereas 90% or more human bone would be classified as bone. 60 
to 75% human bone content, from a statistics perspective yielded a questionable 
classification (Brooks et al, 2006). Brooks et al acknowledged that this test did meet the 
Daubert standards for forensic evidence at the time (Daubert, 1993), however, the 
implications with regards to concealment of disposal of burned human remains are 
arguably a cause for concern (Ubelaker, 2009).  
Conspicuous by its paucity in the literature (see literature review, next) is reference to 
elemental analysis of human bone in the context (by ICP-OES or other means) of positing 
time since deposition or time since death. Ziad et al have posited utilizing 210Pb dating in 
this context (Ziad et al, 2012). The 210Pb radioisotope has a half-life of 22.3 years and is 
readily taken up by bone (see above). 210Pb decays exponentially with time. For the first 
two years since death levels of its daughter nuclide 210Po increases, and then decays along 
with its parent to reach secular equilibrium. The measurement of the daughter to parent 
activity ratio (disequilibrium) feasibly allows quantitative determination of the time since 
death for fresh bone samples, not exceeding one year since time of death. Plotting against 
the standard decay curve allows time since death to be posited for periods exceeding two 
years. Ziad et al tested this proposition by analysing human cortical bone samples, of 
known time of death, via alpha-ray spectrometry. Adult human bones were found to be 
dated to within 4 years of known time of death with this method. Juvenile human bone 
gave up to 25 years discrepancy. This was suspected to be due to consummate lower bio-
accumulation of 210Pb. Accuracy also became more questionable over time. Ziad et al 
conceded that archaeological bone could be drawn into forensic context as a result which 
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could have serious consequences (Ibid). For the research carried out for this PhD porcine 
bones used as an experimental analogue were sampled at 28 day intervals during the 
putrefaction of soft tissue between 0 and 140 days, to see if there was any significant 
change in the elemental concentrations of Ca, P, (hydroxyapatite) and K, Fe, Na (from 
possible haemolysis), then Mg, B, and Zn (trace elements), by ICP-OES. The purpose 
being was to see if there is any potential in such an analysis for use as a forensic test of 
postmortem interval. Pb was not examined as that potential forensic test has already been 
examined (see above). The results were then compared to human perimortem analogue, 
and postmortem human bone samples. Carbon was excluded due to its ubiquity in the 
organic matrix. 
1.6.6 Zoological Mass Spectrometry to Investigate Postmortem Biomarkers 
Finally, the same porcine cortical bone samples were examined via matrix-assisted laser 
desorption/ionisation time of flight (MALDI TOF) mass spectrometry otherwise known 
as zoological mass spectrometry, or ZooMS, to look at changes in non-collagenous 
peptide profiles (Buckley et al, 2009).  The aim of this study was to determine if there 
was any consistent variation in non-collagenous protein and/or other biomarker content in 
bone during soft tissue putrefaction, and if so, to determine if it could potentially be 
utilised as part of a forensic application with regard to determining postmortem interval.  
In all mass spectrometric techniques three basic components are essential: ionisation, 
separation, and detection. The ionisation of an analyte molecule is the prerequisite for 
separation in an electromagnetic field and for detection in an ion detector. In MALDI-
TOF MS a dissolved sample is mixed with a solution of an appropriate matrix and 
allowed to cocrystallize directly on sample plates. To elaborate, MALDI TOF MS 
generates ion images of bio-molecule samples in one or more mass to charge (m/z) values 
(Welker et al, 2002). The mass spectrometer determines the molecular mass of molecules 
desorbed from the target sample, overlaid by an energy absorbing matrix (α-cyano-4-
hydroxycinnamic acid was used) on the target well plate. The sample ions are accelerated 
in the source and again prior to entering the time-of-flight tube. For a given applied 
energy, the heavier an ion is, the slower it flies. The time the ion takes to traverse the tube 
to the detector is indicative of its mass (see figure 1r, below). These molecules are 
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typically singly protonated (M + H+) where M is the mass of the molecule. Software is 
then utilised to interpret this information graphically as a series of peaks i.e. mass spectra 
(Ibid). In Zoological mass spectrometry (ZooMS), this technique is used to distinguish 
between bone samples according to species by isolating genus-specific collagen peptides. 
In the forensic context, the obvious application of this technique is in distinguishing 
human from animal bone by a robust, repeatable, scientific method (Caprioli et al, 1997; 
Buckley et al, 2009). However there is evidence in the literature to suggest that it might 
have been possible to apply this technique to analysing decomposition products with a 
view to determining the postmortem interval (PMI), as well as possibly contributing to 
the diagnosis of bone pathology, again valid in the forensic context with regards to 
identification of human remains (Caprioli et al, 1997; Buckley et al, 2009). 
 
Fig 1r: Schematic of MALDI TOF Mass Spectrometry, reproduced from 
http://www.mpipz.mpg.de/44542/MALDI-TOF-TOF_MS_MS 
 
Boaks et al (2014) determined if Sirius red/fast green staining adequately and reliably 
detected degradation of collagenous and non-collagenous proteins over time in the bone, 
as well as determining whether these proteins degraded at a predictable rate over time. 
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Upon analysing the ratio of collagenous to non-collagenous protein concentrations of a 
fresh juvenile pig long bone, and 10 juvenile pig long bones dating from 2 months to 12 
months, their study found that a statistically significant change took place over the time 
period analysed (Ibid). Additionally, Pearson’s correlation analyses revealed a significant 
negative correlation between the collagenous and non-collagenous protein concentrations 
and time. The results of the regression analyses yielded only a low R2 value, indicating 
that whilst time had some predictive value in determining bone age, other factors also had 
a significant effect in predicting the postmortem interval (PMI) of an unknown bone. 
Therefore, at present, they conceded that the method examined does not have the 
necessary sensitivity for PMI estimation (Ibid). 
Donaldson and Lamont’s (2014) review of the literature suggested there were a number 
of biomarkers (some considered to be of relatively low abundance) present in early 
postmortem blood, including serum proteins, peptides, enzymes, metabolites and 
electrolytes, that are distinct in concentration in comparison with antemortem blood. 
These changes (in concentration) were posited as detectable by mass spectrometry, 
amongst other techniques, including immunoassay (Donaldson and Lamont, 2014). The 
most pertinent examples included increases in the levels of fibrinolysins, acid and 
alkaline phosphatases, lactic dehydrogenase, magnesium, hypoxanthine, aspartate 
aminotransferase and lactate dehydrogenase, the presence of the latter being due to 
erythrocyte autolysis (Ibid). Similarly, Scholz et al’s earlier work demonstrated, utilising 
liquid chromatography mass spectrometry, that peptide concentrations resulting from soft 
tissue decomposition increased during the immediate postmortem interval in protease rich 
tissues such as the murine liver and pancreas examined (Scholz et al, 2011). It was 
considered that similar changes in serum protein, peptide, enzyme, metabolite and 
electrolyte concentrations may take place over time in the tissue fluid within bone during 
the soft tissue putrefaction period. Van Doorn et al’s (2012) zoological mass 
spectrometry analysis of 911 bone collagen samples from fifty archaeological sites 
ranging from palaeolithic to medieval, the majority of which were sourced from human 
bone, added further credence to this possibility. They determined that the degree of 
deamidation of glutamine in collagen was influenced less by chronological age, but more 
so by deposition conditions (salient to the research for this PhD), thermal age, and extent 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
63 
 
of bioerosion (Van Doom et al, 2012). In addition, it was considered that it may have 
been possible to examine degradation in a wide variety of bone proteins during soft tissue 
putrefaction. Cappellini et al (2012) determined that it was possible to detect over one 
hundred ancient bone proteins from bone samples sourced from a Pleistocene mammoth 
femur, including membrane and intracellular proteins, keratins, collagens, plasma and 
non-collagenous proteins. Changes in collagen, as outlined above, take place over a far 
longer timeframe than the immediate postmortem interval, and mapping these, as 
demonstrated, have more import to historical archaeology. 
In light of the evidence from the literature outlined above, and the limitations of the 
Mmass software used, this was why it was decided that the research for this PhD would 
concentrate on the analysis of non-collagenous proteins in bone over time during the soft 
tissue putrefaction period to determine if there was any consistent change in (non-
collagenous) protein and/or other biomarker content (Buckley et al, 2009). For the HV, 
ICP-OES, TGA and ZooMS experiments, human perimortem and postmortem bone 
samples were examined to provide a point of comparison. Due to ethical and legal 
restrictions, it was not possible to study decomposing human remains in the UK.  
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Chapter 2 
Systematic Literature Review 
2.0 Methodology 
Ideally, literature reviews should represent a considered meta-analysis of existing 
research on the authors’ chosen subject area (www.tacoma.washington.edu, 2010). Their 
ultimate aim is to act as a foundation for positing future research in that subject area. The 
literature review for this PhD was undertaken to locate and analyse the body of peer 
reviewed literature published on subject matter relating to bone during the earliest phase 
of decomposition and associated subject matter, with the intention of identifying 
particular trends, themes, and gaps. More specifically, this was to determine the extent to 
which changes in bone during the soft tissue putrefaction period had been investigated. 
For the purposes of the research conducted for this PhD, the systematic literature review 
conducted was focused on cortical bone, its structure, mechanical properties, staining 
properties and fracture morphology, relative to the process of decomposition over this 
initial postmortem interval. The review sought to critically examine as opposed to 
criticise when referring to the literature in question. A systematic search of journal based 
and other literature was carried out. The search engines and databases utilised were 
Science Direct, Wiley-Interscience, Ingenta, Swetswise, Springerlink and Google Scholar. 
The search terms used were Cortical, Trabecular, Bone, Fracture, Morphology, Staining, 
Structure, Micro-, Mechanics, Mechanical, Postmortem, Peri-mortem, Putrefaction, 
Decomposing and Decomposition in various combinations. The scope of the literature 
review examined publications from 1990 to the present day. This search yielded 337 
papers. These peer reviewed journal articles were then critically examined from both 
qualitative and quantitative perspectives utilising a scoring system adapted from the 
Whitworth and Cox Method (Cox, 2008). Published literature reviews were not included 
as the intended focus of this review was experimentation. The protocol as outlined 
accounted for materials science and engineering, archaeological, and forensic focused 
publications. The arbitrary scoring derived is presented as in Table 2.1: >90% = of 
excellent evidential value; >70% = of acceptable evidential value; >50% = of some 
evidential value; <50% = of little evidential value. 
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Key 
CE Controlled Experiment 
CS Cohort Study 
MCS Multiple Case Study 
SCS Single Case Study 
Please Note Arbitrary assigned percentage scores to 2  
Decimal places have +/- 0.05 % margin of error. 
* 0.5 For Intra or Inter Observer, 1 for both. 
MM Mathematical Model  (Inclusive of  Computer Models) 
Table 2.1 Literature Review Questions 
Question Code Question Assigned 
Score 
CE 1 Is there a stated hypothesis? 1 
CE 2  Has relevant literature been reviewed and referenced?  1 
CE 3 Is there clear, rigorous statement of methodology? 1 
CE 4 What was the sample size and is its sufficient from which to 
make generalized deductions i.e. >30? 
1 
CE 5 Was the control appropriate? 1 
CE 6 Was data collection consistent? 1 
CE 7 Was the experiment repeated for verification? 1 
CE 8 Intra- or inter-observer, or both? * 1 
CE 9 Is there evidence of statistical analysis? 1 
CE 10 Has statistical significance been assessed? 1 
CS 1 Can the sample be defined as a cohort? 1.66 
CS 2 Has relevant literature been reviewed and referenced? 1.66 
CS 3 Has the study population been defined? 1.66 
CS 4 Has the study sample been defined? 1.66 
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CS 5 Has the study sample been stratified, by age, sex, and race? 1.66 
CS 6 Has the independent variable, trauma or other, been isolated as 
causal of the dependent variable: fractures or other? 
1.66 
MCS 1 How many cases were presented? (0-5=N, no score; 5+=Y, score) 1.43 
MCS 2 Has relevant literature been reviewed and referenced? 1.43 
MCS 3 Has the study population been defined? 1.43 
MCS 4 Has the study sample been defined? 1.43 
MCS 5 Has the study sample been stratified, by age, sex, and race? 1.43 
MCS 6 Has the independent variable, trauma, or other, been isolated as 
causal of the dependent variables: fractures? 
1.43 
MCS 7 Was data collection consistent across each case? 1.43 
SCS 1 Has the individual been delineated, by age, sex, and race? 3.33 
SCS 2 Has relevant literature been reviewed and referenced? 3.33 
SCS 3 Has the independent variable, trauma or other, been isolated as 
causal of the dependent variable: fractures or other? 
3.33 
SCS 4 Is single case study negative weighting applicable?3 -5.0 
MM1 Is there a stated hypothesis? 1 
MM2 Has relevant literature been reviewed and referenced? 1 
MM3 Is there clear, rigorous statement of methodology? 1 
MM4 Was data collection consistent? 1 
MM5 Was Primary Data Reliable? 1 
MM6 Was Sufficient Primary Data Used to Prove the Model Reliable 
i.e. >30 sources? 
1 
MM7 Have the study samples been defined? 1 
MM8 Was the model proof repeated for verification? 1 
MM9 Intra- or inter-observer, or both? (0.5 scored for one condition). 1 
MM10 Has the independent variable been demonstrated as having an 
influence on the dependent variable? 
1 
                                                          
3 Single case studies carry less evidential weight as the results should not be generalised without 
corroboration. The negative weighting is to reflect this and prevent an otherwise exceptional case study 
scoring comparably with a wider study of greater evidential value (Fairfield and Charman, 2015). 
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In addition to qualitative analysis, a content analysis as outlined below can be used to determine 
how much work has been done on changes in the properties of bone during decomposition and 
how these changes can be visualised in manifest results such as changes in fracture morphology 
as decomposition progresses. 
 
Subject 
matter 
discussed 
Focus of Paper 
Cortical 
bone 
Trabecular 
Bone 
Structure Mechanics Fracture 
morphology 
Decomposition 
Y or N       
 
2.1 Summary of Results of Quantitative and Qualitative Assessment of Peer      
Reviewed Literature - Rationale for this Research 
 
Key 
M = Mechanics 
CB = Cortical Bone 
F = Fracture 
Morphology 
TB = Trabecular Bone 
D = Decomposition 
S = Structure 
F&D = Fracture & 
Decomposition 
Figure 2a: 
Percentage of 
Papers Reviewed 
by Topical Focus 
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CB TB S M F D F&D
Percentage of Papers Reviewed 65.5% 47.5% 97.3% 57.9% 43.9% 22.3% 7.7%
Topic
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In terms of quantitative evaluation, as shown in figure 2a, above, only 7.7% of 337 papers 
reviewed referred to changes in manifest fracture morphology of cortical or trabecular 
bone as resultant of decomposition. This mainly alluded to differences between 
perimortem and postmortem fractures (similarly to Outram’s fresh fracture index) 
outlined earlier, such as Weiberg and Wescott (2008), and Wheatley (2008). Save for 
Weiberg and Wescott’s investigation into gross fracture morphology, this author could 
find no published work referring to changes in bone fracture characteristics either at the 
microscopic or macroscopic level, to changes in perimortem staining of bone surfaces, or 
to changes in other mechanical characteristics, investigated during the decomposition 
process, thus justifying the need for the research conducted for this PhD. 
 
Figure 2b: Evidential Value of 337 Papers Reviewed (Adapted Whitworth and Cox Method) 
Concerning qualitative evaluation (as shown in figure 2b), of the 337 papers reviewed, 
according to the author’s assessment via the adapted Whitworth Cox method as outlined 
above, the majority of papers were of acceptable evidential value (54.3%), with a smaller 
proportion (26.4%) deemed to be of excellent evidential value. For controlled 
experiments, recurrent problematic issues were inadequate experimental control 
provision, and the use of small sample sizes (less than 30 samples examined) which then 
had a negative impact upon statistical validity (Bartlett et al, 2001). This would prove of 
particular concern if needing to reference such works in the forensic setting, as the 
reliability of the results, and the scientific methods used, would be challenged on those 
grounds by the opposing legal representation. Similar challenges would arguably await 
0.1%
14.2%
54.3%
26.4%
Little <50%: 17/337
papers reviewed 0.1%
Some >50%: 48/337
papers reviewed 14.2%
Acceptable >70%:
183/337 papers
reviewed 54.3%
Excellent >90%: 89/337
papers reviewed 26.4%
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experimental archaeology studies citing such works during the peer review process. 
Pertinent examples of these issues include Ebacher et al (2007), Benniger et al, (2008) 
and Balzer et al (1997), referring to “Strain Redistribution and Cracking Behaviour of 
Human Bone During Bending”, “The Biochemical Alteration of Soil Beneath a 
Decomposing Carcass”, and “In Vitro Decomposition of Bone by Soil Bacteria”, 
respectively. An example of a paper that is in this context of much greater evidential 
value that avoids these issues is Turner-Walker’s (1995) article “The Tensile Strength of 
Archaeological Bone”. An example of raw data generated by the adapted Whitworth and 
Cox method is shown in figure 2c, below. 
Reference Raja S, Thomas PS, Stuart BH, Guerbois GP, O’Brien C,  “The Estimation of Pig Bone Age for 
Forensic Application using Thermogravimetric Analysis.” J Therm Anal Calorim (2009) 98: 173-
176 
Nature of 
study 
Controlled Experiment 
Question  
Y/N? 
CE1 
Y 
CE2 
Y 
CE3 
Y 
CE4 
Y 
CE5 
N 
CE6 
Y 
CE7 
Y 
CE8 
Y 
CE9 
Y 
CE10 
N 
 
Score 1 1 1 1 0 1 1 0.5 1 0 Overall Score 
7.5 
 Evidential Value 
75% 
Acceptable 
 
Subject 
matter 
discussed 
Focus of Paper 
Cortical 
bone 
Trabecular 
bone 
Structure Mechanics Fracture 
morphology 
Decomposition 
Y or N Y N Y N N Y 
Fig 2c: Example of Raw Data 
Inadequate stratification and/or definition of samples was an issue for some cohort and 
multiple case studies such as O’Donnell et al’s (2008) paper on postmortem radiology, or 
Jackes et al’s (2001) paper on “Destruction of Microstructure in Archaeological Bone”. 
Most of the papers of lesser evidential value were single case studies, which may make a 
significant contribution to current knowledge but lack validity concerning inferential 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
70 
 
statistical analysis and repeatability when considered in isolation. Examples of such 
studies include Serra et al’s (2009) case study on a “Human Being Eaten by His Own 
Dogs: Genetic Confirmation through Analysis of Bones Recovered in a Dog’s Stomach 
Content”, or Schroeder et al’s (2001) case study on “Larder Beetles (Coleoptera, 
Dermestidae) as an Accelerating Factor for Decomposition of a Human Corpse”. 
Regarding mathematical (including computer) models, the greatest area of concern was 
the reliability of primary source data, and validation of theoretical models when not 
applied to physical bone samples, as in Shefelbine et al’s (2005) paper on “Trabecular 
Bone Fracture Healing Simulation With Finite Element Analysis and Fuzzy Logic”, or 
Taylor et al’s (2004) work on “Predicting Stress Fractures Using a Probabilistic Model of 
Damage, Repair and Adaptation”. With the exception of a few mathematical and/or 
computer modelling papers reliant on primary experimental data from other sources, 
Boyd and Muller’s (2006) work on “Smooth Surface Meshing for Automated Finite 
Element Model Generation from 3D Image Data” for example, there did not appear to be 
any significant uncritical duplication of material between texts, although there was a 
degree of verisimilitude, most notably on the subject of applied mechanics. 
2.2 A More Detailed Examination of some of the most Relevant papers 
The current understanding pertaining to the effects of decomposition on bone, inclusive 
of its effect upon fracture morphology, especially at the microscopic level is at present 
limited. There is also a paucity of research on cortical bone stain colour differentials as an 
indicator of perimortem trauma. There has been extensive research carried out into the 
mechanical properties of bone of a wide variety of species, but again there has been very 
limited research into how these properties alter during the decomposition process. Further 
research is warranted. For instance, the possibility of determining differences between 
perimortem fracture patterns and postmortem trauma occurring in the initial phases of 
decomposition, particularly on fragmented bone, has implications for determining if and 
when remains may have been moved after the fact. Most of the publications assessed 
within the context of this review appear to be of excellent or acceptable evidential value, 
according to the arbitrary scoring system ascribed. Consistent issues are a lack of clearly 
delineated sampling, in a few instances unclear or absent research questions, inadequate 
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sample sizes, and/or lack of (inferential) statistical analyses of results. With regard to 
experimental work in particular, a lack of suitable controls was noted. Uncritical 
duplication of material between texts did not appear to be in any significant evidence. 19 
papers were selected for further examination, on the basis that these were defined as 
controlled experiments (see section 2.0 above) involving (mammalian) cortical bone, and 
discussing decomposition in the forensic and/or archaeological context. In short, these 
studies, selected from those originally examined, bore the greatest degree of similitude 
and relevance to the research conducted for this thesis.  
The lower scoring papers were examined more closely in the first instance, of which there 
were seven. These were assessed as of having low to some evidential value according to 
the adapted Whitworth and Cox method employed for this literature review. Jans et al 
(2004), examined characterisation of microbial attack on archaeological bone. No clear 
research question or hypothesis was stated. 250 bones from 41 archaeological sites of 
varying environmental parameters were histologically examined for microbial damage. 
The methodology was clearly delineated: all bones were dried for 48 hours at 60ºC, cut to 
slices of 30µm thickness, and examined under the microscope. No control was 
implemented, such as fresh bone, dried and cut to the same method. The results were 
expressed as descriptive statistics only, pertaining to each environmental parameter 
examined. Microbial attack was determined to be an important contributor to bone 
deterioration in the archaeological context. Applied inferential statistics such as ANOVA 
could have been utilised to demonstrate statistically significant differences between these 
parameters. Janjua and Rogers (2008) examined weathering patterns on 25 defleshed 
porcine femora and metatarsals, at regular intervals over a 291 day period over winter in 
Southern Ontario. Four progressive stages of weathering were delineated for the 
defleshed bone equating to 0-1 months, 1-2 months, 2-6 months and 6-9.5 months 
according to colouration, flaking, and cracking. The methodology was clearly defined, 
with T0 samples acting as an intrinsic experimental control. Fleshed hind limbs provided 
a point of comparison for soft tissue decomposition, but could have been defleshed and 
examined at the same intervals to provide further comparative data. Descriptive statistics, 
predicated on subjective judgements with regards to the appearance of the bone samples, 
were not augmented by inferential statistics. Inferential statistics could have been used to 
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examine statistically significant differences between quantifiable data pertaining to each 
of the four stages of weathering.  The appearance of the bone was examined, but there 
was no reference to changes in physical, structural and/or chemical properties of the bone 
that may correlate with the changes observed. This was one point in particular that the 
research conducted for this PhD sought to redress.  
Child (1995) compared bacterial populations (mainly Pseudomonas and Aeromonas sp) 
expressing collagenase from four Northern European soils and archaeological human 
bone specimens excavated from them. Soil and bone bacterial populations were found to 
correlate on the basis of descriptive statistical analysis, but no inferential statistical 
analysis was carried out to corroborate this. No mention was made of control soil or bone 
samples. Sterile soil, a soil of known composition and bacterial load, and a fresh human 
(or porcine) bone sample, respectively, could have been utilised in this respect. The T0 
porcine bone samples were used in this respect for the experiments conducted during the 
course of the research for this thesis, acting as intrinsic experimental controls. Likewise 
bark chips, substituting for leaf litter, and soil of a known composition, was used for the 
surface and shallow burial deposition scenarios to maintain consistency, and control these 
particular variables throughout. This will be discussed in more detail in the following 
chapter. 
Further to Child’s work, Balzer et al (1997) examined in vitro decomposition of bone by 
soil bacteria with specific reference to the implications for stable isotope analysis. The 
research question and methodology were clearly defined. 33 pine marten bones were 
inoculated with six genera of soil bacteria (Alcaligenes, Bacillus, Pseudomonas, 
Actinomadura, Aeromonas and Klebsiella) and changes to the C/N ratio and ɗ13C vs ɗ15N 
isotope content of the collagen were quantified after incubation periods of between 8 and 
18 months at temperatures ranging from 30 to 37ºC depending upon bacteria. A piece of 
sterile pine marten bone was used as a control, but as this was not incubated for the same 
time periods and temperatures, so its suitability as such is drawn into question as the 
effects of time and temperature were thus unaccounted for. Cumulative cooling degree 
days were used to account for these two variables throughout the course of the research 
conducted for this PhD. Balzer et al’s experimental approach showed that soil bacteria 
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are capable of using bone collagen as a substrate, and can shift collagen ɗ13C up to -2.9% 
and ɗ15N up to +5.8% between eight and 18 months only. Again, only descriptive 
statistical analyses were employed to evidence change when inferential analyses of the 
statistical significance of changes to the C/N ratio and ɗ13C vs ɗ15N isotope content of the 
collagen between bacterial genera, and between bacterial genera and control could have 
been utilised. Inferential statistical analysis of all relevant experimental results was 
conducted throughout the course of the research for this PhD to address this issue.  
Bell et al (2001) similarly examined ɗ13C content and C/N ratios in 5 archaeological 
skeletons in order to determine the geographical provenance of those individuals during 
the final years of their lives. This is a widely used technique in osteoarchaeology that has 
also been utilised in the forensic context. A modern bovine bone was used as a control 
standard. A modern human bone of known provenance and geographical origin would 
have provided a better control, but if this could not be obtained, porcine bone, due to its 
anatomical and physiological similitude to human bone would have been considered the 
best option. Human bones have been used as comparatives for the experiments conducted 
for this PhD wherever possible. For Bell et al, a larger population sample would have 
provided greater statistical validity. For the research conducted for this PhD, this issue 
was also problematic, and was addressed by employing repetition. Inferential statistical 
analysis of Bell et al’s quantifiable results was again absent, but would have proved 
difficult to implement due the low sample number. Grupe and Turban-Just (1996), 
conversely, examined serum proteins in archaeological human bone. They used 
electrophoresis and Western blotting to recover and identify protein fractions from 150 
archaeological bones from various sites and epochs (up to 5500BC). Although the 
purpose of the research was implicit, a clear research question or hypothesis was not 
defined. This issue was addressed for this PhD by ensuring that an overall hypothesis 
underpinned by specific research questions was defined, and amended as appropriate, as 
the research progressed. For Grupe and Turban-Just’s study, again, a control sample i.e. 
fresh human bone would have been appropriate, but was not utilised. They concluded that 
non-collagenous proteins, especially serum proteins, may be well preserved in bone. 
There was little evidence of statistical analysis of the results to support this conclusion.  
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
74 
 
Turner-Walker and Peacock (2008) examined changes in mineral content (principally 
decalcification) of bones placed in peat bog locations in Norway, with a view to 
replicating the fate of bog bodies. These were humans ritually sacrificed and deposited in 
bogs during the Bronze and Iron ages. Animal bones (cattle metapodials) were used in 
place of human bones. The epiphyses were cut off to facilitate marrow removal and 
cleaning, leaving diaphyses approximately 120 mm in length suitable to fit within the 
sample holders. These were de-fleshed and had the marrow removed by the authors for 
ease in handling and transport between the two sites, and to minimise the contamination 
of other materials with any early putrefaction products. Cow bones were used rather than 
pig bones because of the ease of obtaining suitably sized, discarded limb bones. All 
animal products were procured from the local abattoir on the day of slaughter and kept 
frozen until required. Firstly, porcine bone is physiologically more similar to human bone 
and would have provided a better experimental analogue, hence it was used for the 
experiments conducted in the course of the research for this PhD (see introduction). 
Secondly, total defleshing of bone and removal of epiphyses and bone marrow would 
have facilitated rapid ingress of burial matrix and altered patterns of decomposition 
and/or diagenesis relative to bog bodies. Whilst disarticulated samples were utilised for 
the experiments for this PhD, complete defleshing and marrow removal was not 
conducted for similar reasons. In Turner-walker and Peacock’s study, an identical set of 
samples were placed in storage at 18 °C and 50% relative humidity to act as a control, but 
is open to the same criticism. At each site, a total of four modules were installed 
approximately 2 m apart. The contents were retrieved over a period of four years at 1-
year, 2-years, and 4-years intervals. It was determined using EDS that rates of 
demineralisation showed a linear relationship with time and lead them to predict that a 
human skeleton may become completely decalciﬁed in approximately 300 years. The 
conclusion was supported by descriptive statistical analyses. Inferential statistical 
analyses of variance, particularly of experimental samples vs. control, again, would have 
been appropriate to support the conclusions drawn.  
There were nine papers that were considered as being of acceptable evidential value 
according to the ascribed Whitworth and Cox method, that were defined as controlled 
experiments involving cortical bone, and that discussed decomposition. Jaggers and 
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Rogers (2009) examined macroscopic changes in 120 porcine leg bones decomposing in 
a burial deposition over 150 days including changes in colouration. This paper inspired 
some of the research carried out for this PhD. One burial site evidenced fast soil drainage, 
the other slower. The bones in both environments lost weight over time but the net weight 
loss was greater for bones deposited in the higher moisture environment. Inferential 
statistical analysis of the results for both deposition sites evidenced that there was no 
change in colour, texture, or overall condition, and thus indicated that 150 days is not 
long enough for such alterations to occur, regardless of the moisture level of the burial 
environment. The only criticism of this paper was that the intrinsic experimental control 
afforded by the T0 samples was not explicitly stated as such. Koon et al (2003) developed 
a practical approach to the identification of low temperature heated bone using 
Transmission Electron Microscopy (TEM). It was determined that morphological 
changes to collagen fibrils were seen following only very mild heating events, such as 
short-term roasting of fleshed bone. Eight fleshed sheep humeri were used, with the fresh 
samples stated as the intrinsic control. Inferential statistical analysis of the results was not 
used in support of the conclusion, which would also have been hampered by the small 
sample size. A larger sample size with greater statistical validity could have been 
practically achieved by taking repeat samples from the limited experimental material 
available and stating that this was the case. This was the approach taken for the 
experiments conducted for this PhD. 
Lafreniere and Watterson (2009, 2010) published two papers on the detection of fentanyl 
(a powerful analgesic that can prove fatal if an overdose is taken) in fresh and then 
decomposed skeletal tissues. In the initial research, fifteen adult Wistar rats were given 0 
(n = 3), 15 mg/kg (n = 3), 30 mg/kg (n = 3) or 60 fentanyl mg/kg (n = 6) by 
intraperitoneal injection as the citrate salt in 0.9% saline solution. The rats were 
euthanised and epiphyses and diaphyses of femoral and tibial bones, vertebrae and pelvic 
bones were harvested. Immunoassay of fentanyl in extracts of marrow and mineralised 
bone were conducted using commercially available ELISA kits. In order to evaluate the 
sensitivity and reproducibility of the ELISA response to fentanyl, standard aqueous 
solutions of fentanyl at various concentrations (0, 0.5, 1.0, 2.5, 5, and 10 ng/mL) were 
assayed and intra-day and inter-day precision was evaluated. Inferential statistical 
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analyses (ANOVA) analysed variance between the zero dose control and experimental 
(dosed) samples. Their results suggested that the type of skeletal tissue sampled and 
position within a given bone may be important considerations in the choice of substrate 
for fentanyl screening in skeletal tissues, but that quantitative analysis of drugs in 
decomposed bones may be of limited interpretive value. In their follow up-study, the 
effects of dose–death interval on the detection of acute fentanyl exposure in fresh and 
decomposed skeletal tissues (marrow and bone), by automated enzyme-linked 
immunosorbent assay (ELISA) was described. Rats (n = 14) were administered fentanyl 
acutely at a dose of 0 (n = 2) or 60 mg/kg (n = 12) by intraperitoneal injection, and 
euthanised within 20, 45, 135, or 225 min. Femora and tibiae were extracted from the 
fresh corpses. The remains were then allowed to decompose outdoors to the point of 
complete skeletonisation, and vertebrae, pelvic bones and miscellaneous (humeri and 
scapulae) were recovered for analysis. Results were statistically analysed by ANOVA as 
per the previous paper. Overall, the results suggested that the type of skeletal tissue 
sampled may not be as important as the amount of residual marrow remaining in 
skeletonised remains when examining fentanyl exposure. The research question and 
methodology was clearly delineated in both papers. Repeat sampling would have 
increased statistical validity, but according to the adapted Whitworth and Cox method 
employed for this systematic literature review, there is nothing else that can be criticised 
in either paper. Porcine bone would have proved a more suitable human analogue than 
murine bone, but the author concedes that this would have proved less practical in real 
terms. 
Creamer and Buck (2009) assayed haemoglobin present in human skeletal remains using 
luminol chemi-luminescence and its application to the dating of human skeletal remains. 
Their research question and methodology was clear, and their conclusions supported by 
inferential statistical analysis of results. Their preliminary results indicated that the 
chemiluminescent luminol test is a relatively easy and economical method for 
distinguishing between remains of medico-legal (≤100 years post deposition) and 
historical (>100 years post deposition) interest. The femur was the preferred bone for 
postmortem interval measurements using the luminol test, due to its robustness and 
relative resistance to diagenesis. Initial results suggested that bone that was historical in 
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nature (i.e. an archaeological specimen) produced a demonstrably weaker reaction than 
one that would be of medico-legal interest. 14 samples were utilised ranging from a 
postmortem interval of 6 months to 375 years. Repeat sampling would have increased 
statistical validity as limited experimental material was available. A control sample of 
fresh human bone, e.g. donated from a joint replacement surgery as employed for some of 
the research conducted for this PhD, could have been utilised. Raja et al (2009) attempted 
to estimate pig bone age (at death) using thermogravimetric analysis with regards to 
developing a forensic application of this technique. Raja et al dried 2 mm thick bone 
slices from pigs aged 3 months to 7 years that had been subjected to shallow burial for a 
designated time period, at 50˚C for 2.5 hours to remove moisture. Thermogravimetric 
analysis of the samples was then carried out, the samples being heated from ambient 
temperature to 1000˚C at 10˚C min-1 in both air and nitrogen atmospheres as a point of 
comparison. Raja et al’s results attributed steps to water loss at 50-220˚C, and then steps 
at 400-600˚C were associated with the thermal decomposition of collagen (and other 
proteins). The research question and methods were clearly delineated. There was no 
mention of a control sample. Fresh porcine bone for instance, could have been utilised in 
this respect. The conclusion was upheld by descriptive statistical analysis only. Inferential 
statistical analysis of the results was not conducted. Sequential analysis of variance 
between bone samples at intervallic stages of decomposition, and fresh bone, could have 
employed as it was for the experiments conducted for this PhD. Similarly analysis of 
variance between porcine bone samples of known age at death and fresh bone could have 
been considered appropriate, and likewise conducted.  
Robinson et al (2008) compared anthropological measurement of lower limb and foot 
bones using multi-detector computed tomography to meet the same purpose i.e. 
determine bone age at death, and also to determine if there would be any discrepancy in 
measurement. 15 human tibiae, tali and calcanei in various states of decomposition were 
measured radiographically, then defleshed and measured osteometrically, the latter then 
acting as an intrinsic experimental control. Whilst enough radiographic measurements 
were taken (4 observers per bone) to ensure statistical validity, only one set of 
osteometric measurements were taken for comparison. Four observers per bone would 
have ensured consistency and increased statistical validity. A mean error was calculated 
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for each measurement for the 15 cases to assess any overall differences between the two 
techniques. This was further assessed by calculating the mean within-subject standard 
deviation (WSD) for all the CT measurements in comparison. The conclusion stated that 
there is no significant difference in the measurements taken by CT when compared with 
measurements of defleshed bones by direct osteometric methods. However, an analysis of 
variance between fleshed/radiographic and defleshed/osteometric measurements was not 
carried out in support of this statement. Schmidt-Schulz and Schmidt (2007) examined 
intact extracellular matrix proteins from ancient human bones and teeth which were 
extracted and separated by one-dimensional and two-dimensional electrophoresis, to 
determine if preservation of said proteins had occurred. A clear research question was 
presented, and the methodology was clearly delineated. A modern (fresh) bone sample 
was compared to four other bones, and to two teeth varying from circa 600 to 6000 years 
old. Whilst an experimental control is thus evident, it would have been prudent to use a 
fresh tooth in this respect in addition.  Proteins were identified in Western blots by 
special antibodies against different human extracellular matrix (ECM) molecules 
originating from bone. They confirmed the presence of different types of ECM human 
bone molecules such as osteonectin, osteopontin, and alkaline phosphatase with specific 
antibodies in human bone samples from different age groups. A larger sample of both 
bones and teeth would have provided a more informative comparative experiment. The 
small sample lacked statistical validity, and no inferential statistical analysis was 
implemented. However, this research remains valid when considered as a preliminary 
investigation with a view to further work.   
Brady et al (2008) exposed modern sheep bones to microbial populations to induce 
diagenesis and determine if this had an effect on the stable isotope ratios in 
hydroxyapatite. The δ13C and δ18O values of bioapatite, structural carbonate, and 
phosphate were determined for these samples and for diagenetically modified 
archaeological samples from three different environments. One section was kept frozen 
as a control for modern unaltered bone, one section was buried, and the remaining three 
sections were used to provide laboratory controls for fluctuations in temperature, 
humidity, nutrient availability, and for the presence or absence of a microbial population 
over the time that the second section was buried. The research question, method and 
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controls were made clear. The experimental and control samples were tested against four 
similar archaeological samples of circa 800 to 1000 years old. The sample was small in 
terms of testing statistical significance. Brady et al concluded that no significant 
differences were found between the δ13C or δ18O values of microbially colonised and 
uncolonised areas on the modern bone surfaces, or between well-preserved and poorly 
preserved regions of the archaeological material. No inferential statistical analysis of 
variance was evident. 
There were three papers from the final group of nineteen considered to be of excellent 
evidential value as scored by the adapted Whitworth and Cox method employed for this 
systematic literature review. Hucalak and Rogers (2009) used bone colour to interpret the 
sequence of events surrounding body disposition. Two scenarios were compared. Bones 
buried and then exposed on the ground surface and bones exposed then buried. Forty 
juvenile pig humeri with minimal tissue were used in each scenario with an additional 20 
controls to determine if decomposing tissue affects bone colour. Munsell colour charts 
were used to record bone colour of surface and 2.5 cm cross-sections. Their results 
revealed that five main surface colours could be attributed to soil, sun, haemolysis, 
decomposition, and fungi. Fungi on buried bones were taken as suggesting prior surface 
exposure. Cross-sections of strictly buried bones were identical to buried then exposed 
bone, which stresses the importance of bone surface analysis. They concluded that the 
decomposition of excess tissue creates minimal colour staining. The research question 
and methodology were clearly defined, the sample size was suitable for statistical 
analysis and controls were in place. A very thorough descriptive statistical analysis of the 
results pertaining to various stain parameters was in evidence, but this could have been 
supported further by multivariate statistical analysis. Further work inspired by this paper 
was carried out in the course of the research conducted for this PhD as a result.  
Fernandez-Jaivo et al (2010) reported on early diagenesis. Their research question 
focused on early diagenesis being crucial to later fossilisation, because the former may 
determine the outcome of the latter. They examined a long term experiment which took 
place in Neuadd (Wales, UK) from 1976 to 2006 with the monitoring of approximately 
100 animal carcasses. This sample was large enough for accurate inferential statistical 
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analysis (of variance) of results, which was duly implemented. The Neuadd bone 
collection is derived from natural deaths of domestic and wild animals, the carcasses of 
which were left in situ and exposed under natural conditions in a series of upland 
environments in central Wales. They investigated possible associations between 
environmental or post-depositional situations and physico-chemical traits at early stages 
of diagenesis. They concluded that one of the main agents of bone structure alteration and 
chemical diagenesis is bacteria, while another may be non-vascular plants. Again, this 
paper in part inspired the research conducted for this PhD, looking at such changes in 
bone in the very earliest phase of decomposition with a view to developing forensic and 
possibly archaeological applications. The final paper deemed of excellent evidential value 
according to the adapted Whitworth and Cox method ascribed was Weiberg and 
Westcott’s (2008) study aimed at expanding the limited knowledge about how long 
perimortem fracture characteristics persist into the postmortem interval (PMI). The 
research question was clearly stated and methodology clearly defined. 60 porcine long 
bones were exposed to natural taphonomic conditions and fractured with a steel bone 
breaking apparatus every 28 days throughout a 141-day period. Differences between 
macroscopic blunt force trauma fracture characteristics (fracture angle, surface 
morphology, and outline) were examined to determine if they varied over time or in 
relationship to bone moisture content (ash weight) and overall assessment. Analysis of 
variance of results determined that there were significant relationships between firstly 
PMI and percent ash weight, fracture surface, and fracture angle, and secondly between 
fracture surface and fracture angle (Weiberg and Wescott, 2008). Bone moisture content 
was found to correlate significantly with fracture morphology and other characteristics 
commonly used by forensic anthropologists to determine the timing (perimortem vs. 
postmortem) of traumatic injuries (Ibid). Finally, fracture characteristics normally 
associated with perimortem trauma were found to persist long into the PMI (Ibid). This 
paper inspired much of the research carried out for this PhD, including the investigation 
of changing microfracture characteristics of bone fracture surfaces during the immediate 
PMI, and the investigation of concurrent changes in Vickers hardness and moisture 
content. 
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One further paper of merit that came to light subsequent to the original literature review 
being conducted that should be included at this juncture is Turner-Walker’s (1995) paper 
“The Tensile Strength of Archaeological Bone”. Turner-Walker selected samples of fresh 
(recently dead) bovine bone and archaeological bone from a variety of burial 
environments for investigation. Near cylindrical sections of long bones were chosen to 
ensure that any directionality in the samples could be predicted and preserved during 
testing. Bovine femur was adopted for the fresh bone samples due to its ready 
availability. Bovine metapodials were preferred for testing from the archaeological 
specimens. Turner-Walker found that measured values of strength and bulk density 
ranged from 260 MPa and 22·0 g cm-3 for the modern samples to only 24 MPa and 0·8 g 
cm-3 for archaeological bone in the poorest states of preservation, respectively. Two 
mechanisms are suggested to be involved in the diagenetic degradation of bone. He 
attributed the initial loss of strength to hydrolysis of collagen although the precise detail 
of the attack was not known at that time. Turner-Walker then posited that this is followed 
by predation of tunnelling micro-organisms leading to an increase in pore volume and 
further loss of mechanical strength (Turner-Walker, 1995). Bulk density and diametral 
compressive strength, bulk density and pore volume, and chemical analyses were scatter 
plotted against one another. Whilst inferential statistical analyses were not implemented 
(which could have increased the perceived evidential value of this paper in this context), 
it is this scatter plotting that is pertinent to the interpretation of the results of the TGA and 
ZooMS experiments in chapter four of this PhD thesis. As for the research conducted for 
this PhD, fresh bone acted as an intrinsic control for Turner-Walker’s experiment, but it 
was not explicitly described as such. 
2.3 The Forensic Context 
At this juncture, it is important to consider how any potential forensic testing developed 
from the research conducted for this PhD may eventually meet the evidentiary standards 
of admissibility in a court of law. Mallett and Evison (2013) examined the issues of 
admissibility in court when a novel forensic scientific investigative technique is 
developed. They focused on methods of forensic facial comparison, and determined that 
while the techniques of facial image comparison are generally accepted within their 
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practitioner communities, they are not tested, and their error rates are unknown. Mallet 
and Evison posited that on that basis, that said methods of facial image comparison would 
appear not to meet the anticipated standards. However, they pointed out that these 
methods are, nevertheless, admitted in court in the United States, and England, and 
Wales. They concluded that further research in science and law will be necessary to more 
definitively establish admissibility of facial image comparison evidence, as it will for 
other nascent and novel methods that are potentially influential in court proceedings 
(Mallett and Evison, 2013). It is this conclusion and these issues of admissibility that are 
of particular salience to the pilot studies comprising the research for this PhD in that they 
may also constitute nascent forensic investigative techniques, albeit after the experiments 
demonstrating potential to become such are appropriately scaled up. The issues of 
admissibility of nascent forensic investigative techniques as evidence in a court of law are 
succinctly summarised by the work of Mallet and Evison (2013) as follows.  
Legal theory as applied to legislation pertaining to expert witness testimony in England 
and Wales (as grounded in English common law) is guided by the principles of the 
authority of the expert and that of the knowledge. This pertains to forensic archaeology 
and anthropology and the forensic archaeologist and anthropologist as it does any other 
forensic scientific discipline and practitioner thereof. Authority of knowledge is based on 
validity, currency, and relevance. The authority of experts is based on their competency 
to evaluate said knowledge via education, experience in praxis, and their currency in 
doing so, i.e. whether it is specific as opposed to general knowledge the expert proffers as 
opinion, and whether the expert is to clarify information to the jury. Ideally each expert 
should be assessed with a view to examining the justification, relevance, and currency of 
each premise in the opinion. The degree to which any expert witness utilises the expertise 
of others as a premise for their own opinion, their ability to understand and assimilate it, 
and the authority of these other experts upon which they rely are all components which 
must be considered when assessing the authority of the opinion. The expert’s opinion 
must be appropriate and comprehensible. The sources of conclusions must be explicit. 
Continuing research that contributes to the advancement of the science is expected, and 
the research agenda must also enable criminal justice practitioners to understand the uses 
and limitations of the technique or techniques in question. Case law provides clear 
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precedent regarding the duties and responsibilities of expert witnesses. Expert evidence 
should be: (i) independent; (ii) relevant and unbiased; (iii) based on a balanced 
presentation of the facts; (iv) within the expert’s field of specialist knowledge; (v) 
qualified as being provisional or incomplete, if necessary; (vi) based on an open 
disclosure of change of view; and (vii) supported by free exchange of reports and data. In 
sum admissibility of expert evidence in England and Wales should meet the Law 
Commission’s provisional proposals suggest tests for (i) reliability based on sound 
principles; (ii) relevance; (iii) appropriate application; (iv) specialist knowledge; and (v) 
impartiality. From Mallett and Evison, (2013): “Whether the evidence provided by the 
expert witness and any conclusions drawn from it is deemed reliable ostensibly rests on a 
number of accepted and proposed tests, referred to as the Daubert standard” (Mallet and 
Evison, 2013). 
Christensen and Crowder (2009) provide a summary of the Daubert vs. Merrell Dow 
Pharmaceuticals case that is the basis of the Daubert standard referred to by Mallet and 
Evison (2013). The parents of Jason Daubert and Eric Schuller filed suit against the 
pharmaceutical company Merrell Dow claiming that their children’s birth defects were 
the result of the mother’s prenatal ingestion of the prescription anti-emetic drug 
Bendectin. The 1993 US Supreme Court decision Daubert vs. Merrell Dow 
Pharmaceuticals, Inc. was intended to ensure the reliability and relevance of the scientific 
testimony, instructing the judge to act as gatekeeper in keeping junk science out of the 
courtroom or restrict evidence with less than a direct fit to the issues of the trial 
(Christensen and Crowder (2009). One of the goals of this decision was to curtail court 
cases from becoming a battle of the experts, which in effect may cause the trial to be 
decided by the experts rather than the courts. Further to this, Christensen and Crowder 
(2009) also referred to another case from July of that year, pertaining to eight members of 
the Carmichael family who were involved in a motor vehicle accident when one of the 
tires of their vehicle failed (Kuhmo Tire Co. vs. Carmichael). The plaintiffs’ expert 
determined that the tire did not fail from abuse, thus the tire (produced by the Kuhmo tire 
company) was defective. The trial judge of the district court ruled that the expert’s 
testimony did not satisfy the admissibility criteria outlined by the Daubert standard (Ibid). 
The District Court determined that the expert testimony ‘‘fell outside the range where 
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experts might reasonably differ and where the jury must decide among the conflicting 
views of different experts”. The US Supreme Court resolved the disagreement between 
the two courts and provided reasons why Daubert’s general reliability requirement 
applies to all expert testimony (Ibid).  
The Daubert gate-keeping obligation applies not only to scientific testimony, but to all 
expert testimony such that any specialised knowledge might become the subject of such 
testimony (Christensen and Crowder, 2009). Finally, with regards to General Electric Co. 
vs. Joiner (Robert Joiner was an electrician in the Water & Light Department of 
Thomasville, Georgia who filed suit in state court regarding his claim that his small-cell 
lung cancer had been caused by exposure to polychlorinated biphenyls –PCB- on the job) 
the court decided there is nothing stated in the Daubert ruling that requires a district court 
to accept expert testimony which is connected to existing data only by the unproven 
assertion of the expert, and concluded there was too great an analytical gap between the 
data and the opinion proffered (Ibid). The court ruled that the experts’ testimony failed to 
demonstrate the link between PCB exposure and small-cell lung cancer and, therefore, 
was inadmissible because it did not rise above subjective belief or unsupported 
speculation. This questioned whether existing scientific evidence can be generalised to 
address specific causal relationships (Ibid). The decision put forth from Joiner produced 
two significant results. First, the US Supreme Court ruled that the appellate court erred in 
overturning the admissibility decision of the trial court, explaining that the appellate 
courts should only overturn admissibility decisions when the trial court abuses its 
discretion, which is a failure to take into proper consideration the facts and law relating to 
a particular matter. Second, it was argued that methodology and conclusions are not 
completely distinct from each other as stated in Daubert (Ibid). The two are linked and an 
expert’s conclusion should be excluded in the event that it is unsupported by valid 
reasoning (Christenson and Crowder, 2009; Mallet and Evison, 2013). The guidelines for 
forensic expert praxis and legal testimony outlined by the US Daubert ruling have been 
(arguably, informally) adopted in England and Wales in the form of practice guidelines: 
“Practice Direction (Criminal Proceedings: Various Changes)” [2014] EWCA Crim 
1569; [2014] 1 WLR 3001). The implications for the research conducted for this PhD 
eventually meeting such evidentiary standards with regards to the potential development 
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of forensic tests will be examined further with respect to conclusions drawn, and 
subsequent further work recommended, in the final chapters of this thesis.  
2.4 Conclusions of Literature Review 
Whilst there is a plethora of clinical and archaeological data on bone evident in the 
literature, there is a relative paucity of data on the changes that take place within bone 
during soft tissue putrefaction, as evidenced by the 19 papers out of 337 examined for the 
final phase of this systematic literature review, that focus (in part) on this subject matter. 
2.5 Statement of Novelty  
Due to this relative paucity of available data, further research on possible changes in the 
chemical, colorimetric, physical and mechanical characteristics of decomposing bone 
during soft tissue putrefaction is warranted. Colour changes in staining of bone by 
perimortem blood and tissue or putrefaction fluid, changes in micro-crack characteristics, 
Vickers hardness, and in the mineral content and peptide degradome of bone, during the 
soft tissue putrefaction phase of decomposition, had not been examined in detail. Hence, 
with regards to novelty, investigations of these changes are the subject of the research for 
this PhD. 
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Chapter 3 
Methods and Materials 
3.0 Variations in Porcine Bone Affecting Mechanical Strength and Decomposition 
Femora, tibiae, fibulae and ribs were obtained from adolescent male pigs killed within the 
previous 24 hours at abattoir as the source material for the pilot study experiments carried 
out that comprised the research for this PhD. It was possible to account for the likely 
variation in age at slaughter for such pigs as they were reared on a Welsh commercial 
farm, as being between 84 and 200 days (http://www.calu.bangor.ac.uk, 2010) and the 
sex of these animals (consulting with the supplier – Mr G. Short, 2010). It has been 
known for some considerable time that the mechanical properties of porcine bone vary 
according to age and sex with males tending to develop heavier, stronger bones than the 
females, with this robusticity increasing with age to developmental maturity (Liptrap et 
al, 1970; Crenshaw et al, 1981).  
However there are several other factors that have to be taken into account at this juncture 
that could also have had an effect on the mechanical strength and even composition of 
that bone, that would make absolute homogeneity of the samples unlikely (a point that 
will again be addressed in the final chapter of this thesis positing further work). These 
factors are the effects of genetic variation, diet, and environment. As outlined by Fan et 
al, pigs have undergone long-term selection in commercial conditions for improved rate 
and efficiency of lean muscle gain (Fan et al, 2009). Karasik et al’s (2016) literature 
review pertaining to the genetics of bone mass and susceptibility to bone diseases, 
pointed out that large-animal studies can be used to identify pleiotropic quantitative trait 
loci that are important in body composition traits, including bone dimensions and 
strength. There were two examples given by Karasik et al that were pertinent to the 
research carried out for this PhD. Zhang et al (2014) performed a genome-wide 
association study in a pig population that was derived from a cross between two different 
breeds identified single nucleotide polymorphisms (SNP) associated with limb bone 
length. Zhu et al (2014) performed a similar study 500 animals from a swine cross used a 
high density 60K SNP array to identify genetic associations with phenotypic traits, 
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including limb bone length and the number of ribs. The resultant phenotypic 
morphological variation could result in some variation in bone density and mechanical 
strength. Storskrubb et al’s earlier (2010) study on the genetic parameters for bone 
strength, osteochondrosis and meat percentage in Finnish Landrace and Yorkshire pigs, 
found that a mild form of this condition to be common in both Finnish pig breeds, and 
that bone strength and osteochondrosis in the distal end of the femur were moderately 
heritable and can be improved through selection (Storskrubb et al, 2010). Storskrubb et 
al’s study again has implications for the homogeneity of bone strength. The pigs sourced 
for the experiments conducted for this PhD were of the large white breed commonly 
reared for pork production in the UK, but this author cannot be certain of their exact 
lineage or what cross-breeding may have taken place with regards to each animal. Whilst 
there are certain guarantees that can be taken as read with regards to the health status of 
each animal pertaining to the risk of infection (see later), a genetic condition affecting 
bone strength that does not pose a threat to humans consuming the meat, cannot be 
discounted.  
Further to this, Hittmeier et al’s (2006) experiment assigned one of three diets, 
phosphorus adequate, phosphorus repletion or phosphorus deficient, to thirty-six pigs 
from two sire lines known to differ in bone structure i.e. heavier boned or lighter boned. 
They found that differences in growth rate, bone integrity and gene expression within the 
bone marrow suggested a difference in the homeorhetic control of phosphorus utilisation 
between these genetic lines (Hittmeier et al, 2006). The implications for the porcine 
samples utilised in this PhD is that bone integrity may not only vary with the dietary 
intake of the subject animals, but as Hittmeier et al pointed out, it may also vary with 
according to the influence of those animals genetic background on their metabolic 
response to any dietary restriction. The research of Thomas D Crenshaw (et al) has 
focused upon the effects of dietary manipulation on bone strength in farm reared pigs for 
over thirty years, specifically the nutritional manipulation of bone mineralisation. Having 
looked at bone growth as a dynamic process involving both modelling (changes in length, 
diameter, and shape) and remodeling (turnover within existing bone) processes, he 
determined that both processes can be manipulated by diet (Crenshaw 1986, Crenshaw et 
al, 1998, Crenshaw, 2003). In sum he posits that the balance between periosteal accretion 
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and endosteal re-absorption in growing bone responds to nutritional status, and that this 
balance affects the strength properties such that two bones with the same cortical area 
could support dramatically different loads (Ibid). Further work by Rortvedt and Crenshaw 
(2012) determined that expression of kyphosis in young pigs can be induced by a 
reduction of supplemental vitamin D in maternal diets and vitamin D, calcium, and 
phosphorous concentrations in nursery diets. A study by Aiyangar et al (2010), again 
working in collaboration with Crenshaw, investigated whether the deficits in bone 
strength of pre-pubertal pigs, induced by short-term deficits in dietary calcium can be 
recovered if followed by a calcium-fortified diet. The conclusions they drew based on 
results from measures of failure load, bone mineral mass and volume indicated that 
recovery from short-term dietary calcium deficits is possible in femurs of pre-pubertal 
pigs (Aiyangar et al, 2010). Again this has implications for the homogeneity of the 
porcine bone samples sourced for the research conducted for this PhD. Absolute 
consistency of dietary intake between subject animals (and their mothers for that matter) 
cannot be guaranteed, as they were sourced from a variety of farms, which could 
conceivably contribute to variations in bone strength of the samples obtained.  
The environment in which the pigs are reared may also have an effect on the mechanical 
strength of their bones. Marchant and Broom’s (1996) experiment on the effects of dry 
sow housing conditions on muscle weight and bone strength compared the muscle weight 
and bone strength in non-pregnant sows, of similar age and parity, housed throughout 
eight or nine pregnancies in two different dry sow systems: (1) individually in stalls and 
(2) communally in a large group. Following the slaughter of these animals, they found 
that where there were significant differences, stall-housed sows had lower absolute and 
proportional muscle weights than group-housed sows (Marchant and Broom, 1996). They 
then removed the left humerus and femur of each animal in the sample group, and these 
bones were then broken by a three-point bend test using an Instron universal tester (an 
Instron impact tester was used for two of the pilot studies during the course of the 
research for this PhD). Marchant and Broom found that both bones from stall-housed 
sows had breaking strengths that were about two-thirds those of group-housed sows 
(Ibid). This lead them to conclude that confinement of sows, with a consequent lack of 
exercise, results in reduction of muscle weight and considerable reduction of bone 
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strength (Ibid). Similarly, Weiler et al (2006) investigated the influence of short-term 
confinement and moderate exercise on tibia development in growing pigs. They found 
that longitudinal growth and the formation and calcification of spongiosa (trabeculae) of 
the tibiae were inhibited by confinement, and that as little as two weeks of confinement 
led to significant differences in bone growth and metabolism in young growing piglets 
when compared with animals with moderate activity (Weiler et al, 2006). The differences 
between intensive and more free-range farming methods, again, may have implications 
for the homogeneity of cortical bone with regards to density and strength in the samples 
obtained for the research conducted in this PhD.    
As foodborne zoonoses (infections of animal origin) have a major health impact in 
industrialised countries, European food safety regulations were issued to apply risk 
analysis to the food chain (Fosse et al, 2007). The severity of foodborne zoonoses and the 
exposure of humans to biological hazards transmitted by food must be assessed and 
appropriately mitigated against, and this is now enshrined in law, in part in Article 9 of 
the Regulation (EU) No 2016/429 (Animal Health Law, 2016) (Ibid). Whilst this 
guarantees a certain degree of freedom from infection for the porcine bone samples 
utilised for the research for this PhD, the precautions taken to maintain this freedom from 
infection must now be taken into consideration. The final factor to be considered then, 
may not affect the mechanical strength of the experimental porcine bone samples sourced 
for this PhD, but may have an effect on how that bone and associated soft tissue 
decomposes. As pointed out by Sarmah et al’s (2006) literature review on the subject, 
veterinary antibiotics are widely used in many countries worldwide to treat disease and 
protect the health of animals, and are also incorporated into animal feed to improve 
growth rate and feed efficiency (Sarmah et al, 2006). Such antibiotics are poorly adsorbed 
in the gut of the animals, the majority is excreted unchanged in faeces and urine (Ibid). 
White and Booth commented in their (2014) study using experimentally deposited pig 
carcasses (similar to the samples used for the research in this PhD) to investigate the 
origin of bacteria responsible for bioerosion to the internal bone microstructure, that 
intensive farming methods such as the use of antibiotics and feed additives might have 
negatively affected the abundance of intrinsic bacteria within these specimens, which 
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could have had consequences regarding their postmortem microbial activity (White and 
Booth, 2014). 
It is therefore reasonable to assume that veterinary antibiotics and/or their metabolites 
were present in the soft tissue and bone of the farmed pigs sourced as sample material for 
the research conducted for this PhD. These compounds may have had an impact on the 
growth of bacteria already present in those tissues, and on those in the immediate 
deposition/burial matrix during the decomposition process. Extrapolating this to the 
forensic context, Hayman and Oxenham’s (2016) investigated perimortem disease 
treatment as a little known cause of error in the estimation of the time since death in 
decomposing human remains, by monitoring two human bodies decomposing in sequence 
in almost identical environmental situations. They observed that both the rate and the 
manner, or stages, of decomposition that occurred to each body varied greatly and they 
suggested that this was due to perimortem disease treatment of one of the bodies 
immediately prior to death (Hayman and Oxenham, 2016). They eventually concluded 
that cytotoxic drugs (chemotherapy prescribed for the treatment of cancer) and/or 
antibiotic drug treatments in the perimortem period may contribute to altered rates and 
patterns of decomposition that have the potential to affect the estimation of the time since 
death in human bodies found decomposed. Accounting for the presence of antibiotics 
and/or their metabolites in porcine samples utilised for taphonomic experimentation is a 
point that will again be addressed in suggested further work in the final chapter of this 
thesis.     
3.1 Colorimetry 
3.1.1   Impacting and Machining Samples 
Femora, tibiae, fibulae and metapodials obtained from adolescent male pigs killed within 
the previous 24 hours at abattoir. Soft tissue was debulked to leave a layer of between 20 
and 50mm of muscle tissue over the bone, providing the soft tissue and blood that would 
stain the bone upon impact. The long bones were then frozen for a period of not less than 
48 hours at -20°C. Evans reported that freezing and subsequent controlled thawing (at 
ambient temperature) has no significant effect on the mechanical properties of bone 
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(Evans, 1969). This was confirmed by personal communication with Dr AK Outram at 
Exeter University.  
 
Fig 3a: Custom bladed tup 
 
Fig 3b: Instron Dynatup Impact Tester 
The purpose of freezing was dual fold, it was firstly to facilitate easier machine cutting of 
samples, and secondly to negate the effects of friction generated heat when machine 
cutting, in order to minimise thermal damage to bone samples. The bones were then 
machined into 20mm thick transverse section samples with an Erbauer ERB800RL 800 
watt reciprocating saw at low speed fitted with a composite materials blade. The samples 
were defrosted and further debulked to leave a layer of soft tissue 15mm thick around the 
bone (cortical bone between 2 and 5mm thickness), sufficient to stain the surface upon 
impact, in conjunction with staining effected by the underlying marrow. These samples 
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were then impacted from a drop height of 50mm, with a custom bladed tup (see fig. 3a) 
of 3mm edge radius and 55mm width, attached to a 5kg drop weight on a calibrated 
Instron Dynatup impact tester (see fig. 3b) as follows. This ensures uniformity of 
fractures. The point of impact was set as the point of zero distance between the blade and 
the sample. 
3.1.2 Deposition Scenario Sample Parameters 
Surface Deposition: Perimortem 
70 samples were broken (fractured with bladed tup) immediately upon defrosting and 
acted as the first perimortem group. The t0 groups were examined immediately, these 20 
samples i.e. 10 ‘surface’ and 10 ‘shallow burial’ depositions, acted as intrinsic 
experimental controls The surface group was placed under a porous layer of 30 µm 
micro-mesh membranes before being covered in a 50mm deep layer of bark chippings (to 
provide a standardised analogue for leaf litter), to facilitate decomposition via microbial 
action, and water perfusion whilst preventing more severe taphonomic damage to the 
samples (see figure 3d).  The samples were photographed at four weekly intervals (every 
28 days from 0 to 140 days, 140 days equating to 638 CCDD in this first experiment) and 
analysed for colour change to the Munsell colorimetric standard.  
The bark chippings for all of the deposition scenarios described in this chapter were 
sourced from the B&Q™ range and were specified as containing small chipped bark from 
responsibly sourced mixed wood. Almuktar et al (2015), and Almuktar and Scholz (2016) 
used comparable material for their wastewater recycling experiments. However, from a 
visual inspection of this material (again, see figure 3d), it could reasonably be assumed 
that a more accurate description of it would be a mixture of wood chips, twigs, and 
chipped bark from mixed wood. With regards to potential effects on the decomposition 
process, the presence of leaf litter (as represented by bark chippings here) would mitigate 
the evaporation of water from soil. Carter et al’s (2010) experiment monitoring the 
decomposition of juvenile rat carcasses in differing soil types that were calibrated to a 
range of specific water contents (matric potentials) concluded that cadaver decomposition 
in loamy sand and sandy soil was greater at lower matric potentials i.e. wetter soil (Carter 
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et al, 2010). This is a point that will be considered further in the further work chapter 
concluding this thesis with regards to modification and scaling up of the pilot studies 
described. 
Surface Deposition Postmortem 
50 samples were deposited intact (unbroken) and placed under a porous layer of 30 
Micron micro-mesh membranes before being covered in a 50mm deep layer of mixed 
wood bark chippings, to facilitate decomposition via microbial action, and water 
perfusion whilst preventing more severe taphonomic damage to the samples, for a period 
of six months (see figure 3d). Cumulative cooling degree-days were calculated for 
comparison with the surface deposition group. 10 samples were retrieved, and fractured 
at this time and analysed for colour change to the Munsell colorimetric standard at 28 day 
intervals thereafter (t0 –t140 days).  
Shallow Burial: Perimortem 
A further fifty samples, the second perimortem group, were similarly broken (fractured 
with bladed tup)  upon defrosting, and decomposed at a depth of 300mm below loam soil 
(25 litres total) in an aerated 1000mm (l) by 200mm (w) by 330mm (d) trough, and again 
placed under a porous layer of 30 micron micro-mesh membrane before being buried, to 
facilitate decomposition via microbial action, and water perfusion whilst preventing more 
severe taphonomic damage to the samples, for a period of six months (see figure 3c). 
Cumulative cooling degree-days were calculated for comparison with the surface 
deposition group. 10 samples were retrieved, and analysed for colour change to the 
Munsell colorimetric standard at 28 day intervals (t0-t140 days). In an effort to 
standardise the soil utilised for all of the deposition scenarios in the research conducted 
for this PhD, the loam soil utilised was proprietary brand loam based nutrient rich soil 
topsoil sourced from B&Q™, tested at pH 6.5, and specified as 0.26% nitrogen, 70 mg/l 
phosphorus, 1000 mg/l potassium and 235 mg/l magnesium and meeting British standard 
BS3882:2007 as a multipurpose topsoil is described as that including natural topsoil or 
manufactured topsoil, which if handled and managed appropriately and placed over 
permeable subsoil is capable of supporting grass, trees, shrubs and herbaceous plants 
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(http://www.terragen-environmental.co.uk/british_standard_specification_topsoil_2007). 
Soil type is also a factor that has to be taken into account when assessing decomposition 
in the forensic context. Turner et al’s (2013) experimental study, using similar 
methodology to that utilised in the research for this PhD, evaluated a total of 32 Sus 
scrofa limbs by burying them in four different types of soil (loamy, clayey, sandy and 
organic). They found that mass loss was greater in loamy and organic soils at both three 
and six month intervals. According to data obtained from the land information system 
(http://www.landis.org.uk, 2016) the soil for much of Blaenau Gwent where the 
deposition scenarios were situated, was confirmed as consisting of freely draining slightly 
acid loamy soils, of which the proprietary loam for those scenarios (B&Q™) is a close 
approximation. 
Shallow Burial: Postmortem 
Finally, a fourth group of fifty samples was selected, defrosted,  and were buried intact 
(unbroken), decomposed at a depth of 300mm below loam soil (25 litres total) in an 
aerated 1000mm (l) by 200mm (w) by 330mm (d) trough, pH 6.5, again placed under a 
porous layer of 30 Micron micro-mesh membrane before being buried, to facilitate 
decomposition via microbial action, and water perfusion whilst preventing more severe 
taphonomic damage to the samples, for a period of six months (see figure 3c). 
Cumulative cooling degree-days were calculated for comparison with the surface 
deposition group. 10 samples were retrieved, fractured at this time and analysed for 
colour change to the Munsell colorimetric standard at 28 day intervals (t0-t140 days).  
 
Fig 3c: Trough (L) and Shallow Burial (R) 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
95 
 
 
Fig 3d: Surface Deposition (L) and Bark Chip covering this (R) 
All samples, once buried, or deposited on the surface of the troughs, were locked in a 
cage (originally a rabbit run), tethered to 500mm by 50mm by 50mm posts at the corners 
to deter scavengers (see figure 3e). 
 
Fig 3e: Troughs in locked cage to deter predators and/or scavengers. 
3.1.3 Photography 
The fracture sites, i.e. the periosteal and fracture surfaces, of the impact tested bone 
samples were manually photographed using a remote controlled mounted Olympus E420 
digital SLR camera with a 35 1:3.5 Zuiko Macro lens, under uniform lighting provided 
by an IShoot LED macro ring light (to mimic uniform daylight), at a colour temperature 
of 5800K (standard colour saturation in daylight conditions). This maintained 
standardised lighting conditions and thus spectral reflectance of surfaces and accuracy of 
hue, at focal distances of 100 to 140mm (see fig. 3h). ISO was set at 100, focus stops 
varied from f/11 to f/16. All samples were photographed with a scale bar in place. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
96 
 
Samples were kept hydrated with 10mls Baxter © proprietary Hartmann’s solution when 
not being photographed, used clinically as intravenous (physiologically isotonic) fluid 
administration for humans and animals. This is a pH 5.0-7.0 buffered solution of 6.0g 
sodium chloride, 0.4g potassium chloride; 0.27g calcium chloride dihydrate and 3.2g 
sodium lactate in 1000ml water (for injection). This was to prevent pH mediated 
peptolysis of proteins/peptides contributing to the staining of the bones (Reid et al, 2003).  
3.1.4 Image Analysis 
JPEG images of the samples were imported into the Wallkillcolor (tm) CMC software 
suite, for comparative standardised analysis to the Munsell standard. 30 areas of 81 pixels 
of fractured and periosteal cortical bone surfaces were averaged per image (fig 3f). 
 
Figure 3f: Screen shot of 
Wallkillcolor software suite. 
 
 
3.2 SEM Analysis of Changes in Micro-crack Morphology during Soft Tissue 
Putrefaction 
3.2.1 Impacting and Machining Samples 
Ribs were obtained from adolescent male pigs killed within the previous 24 hours at 
abattoir. Soft tissue was debulked to leave a layer of between 20mm and 50mm of muscle 
tissue over the bone. The bones were then frozen for a period of not less than 48 hours at 
-20°C. The purpose of this was again dual fold, facilitating easier machine cutting of 
samples, and negating the effects of friction generated heat when machine cutting to 
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minimise any thermal damage to bone samples. The bones were then machined into 
20mm thick transverse section samples with a Draper 100 watt band saw at low speed. 
The samples were defrosted and further debulked to leave a layer of soft tissue 20mm 
thick around the cortical bone, to approximate average human pectoral/intercostal muscle 
tissue. These samples were then impacted from a drop height of 200mm, with a custom 
hemi-cylindrical tup of 15mm radius and 100mm width (figure 3g), attached to a 5kg 
drop weight on a calibrated Instron Dynatup impact tester (figure 3b) as follows. The 
point of impact was set as the point of zero distance between the tup and the sample. The 
ribs fractured mainly along the longitudinal axis, but occasionally some transverse 
fractures occurred.  
 
Figure 3g: Custom hemi-cylindrical tup 
3.2.2 Deposition Scenario Sample Parameters 
Surface Deposition and Shallow Burial: Perimortem and Postmortem 
20 samples were broken (fractured with the blunt tup) immediately upon defrosting and 
acted as the T0 perimortem analogue surface group and shallow burial group. These 
groups also acted as intrinsic experimental controls. A further 50 samples were left intact 
initially, subsequent subsets of 10 of which were fractured at four weekly intervals (t0 –
t140 days) to act as a postmortem surface deposition group. The surface group was placed 
under a porous layer of 30 micron micro-mesh membrane before being covered in a 
50mm deep layer of ‘leaf litter’ (simulated with bark chips for uniformity), to facilitate 
decomposition via microbial action, and water perfusion whilst preventing more severe 
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taphonomic damage to the samples. All samples were examined for changes in fracture 
morphology under the scanning electron microscope. A further fifty samples were 
similarly left intact and decomposed at a depth of 300mm below loam soil (25 litres total) 
in an aerated 1000mm (l) by 200mm (w) by 330mm (d) trough, pH 6.5, again placed 
under a porous layer of 30 micron micro-mesh membrane before being buried, to 
facilitate decomposition via microbial action, and water perfusion whilst preventing more 
severe taphonomic damage to the samples, for a period of six months. Cumulative 
cooling degree-days were calculated for comparison with the surface deposition group. 
Again subsets of 10 of these were fractured at 28 day intervals and were examined for 
changes in fracture morphology under the scanning electron microscope. All samples, 
once buried, or deposited on the surface of the troughs, were locked in a cage (originally 
a rabbit run), tethered to 500mm by 50mm by 50mm posts at the corners to deter 
scavengers (see figures 3c to 3e, above).  
3.2.3 Replicating Putrefaction Fluid Ingress with Stearic Acid as an Analogue 
For the stearic acid experiment, refer to the introduction, section 1.3.3 final paragraph, on 
putrefaction fluid ingress for rationale. Previously fractured porcine rib samples were 
soaked at 25˚C for 56 days (nodular appearance occurred at 56 days decomposition, 
equating to 82 cumulative cooling degree days) in progressively stronger concentrations 
of stearic acid in ethanol: Pure ethanol (negative control); 0.16M stearic acid in ethanol; 
1.0M stearic acid in ethanol; and finally 10.0M stearic acid in ethanol (high 
concentration, acting as a positive control).  
3.2.4 Scanning Electron Microscopy (SEM) 
The porcine bone samples were first freeze dried in a Thermo© Heto PowerDry model 
PL3000 freeze dryer at -50˚C at an atmospheric pressure of 2 Pa, for 96 hours. Once 
dried the samples were gold sputtered (to facilitate conductivity) in a Peltier cooled Emi 
Tech model K675X, to a depth of 48 nm. The fractured surfaces of the samples were then 
examined at 13 to 16 times magnification and 14 keV beam intensity using a SEM Tech 
EBT1 scanning electron microscope, to determine if any changes in micro-crack 
morphology in cortical bone had occurred during the decomposition process. Three 
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random SEM fields of view were selected in the central region of each fractured cortical 
bone surface, away from the immediate impact site where comminution may have 
skewed the results. This magnification, which is relatively low by SEM standards, was 
chosen in order to examine the gross morphology of micro-cracks.   
3.2.5 Comparative Study on Micro-cracks in Human Skeletal Remains 
Scanning electron microscopy (SEM) is particularly useful in examining fractured 
cortical bone surfaces for micro-cracking and microfracture, even at lower 
magnifications, due to the greater depth of field and contrast control available to the 
microscopist, in comparison with conventional light microscopy. However, it is not 
always practical or desirable to utilise destructive sampling procedures to facilitate the 
examination of suitably sized bone samples directly under SEM, for instance in the 
forensic context whereby a bone or skeleton constitutes evidence, or in the archaeological 
context where such remains are considered to be of historical import (Greenfield, 2006). 
In these instances, replication is necessary to examine the sample. A negative replica is 
created by making an impression of the study item with a suitable moulding material. In 
the case of the perimortem and postmortem trauma to human bone that was examined in 
the course of this research, President Jet regular body, a Coltène-Whaledent 
polyvinylsiloxane polymer ostensibly used in dentistry was selected. Its proven use was 
already well documented by both the experimental and archaeological fieldwork 
literature. Galbany et al’s “Comparative Analysis of Dental Enamel Polyvinylsiloxane 
Impression and Polyurethane Casting Methods for SEM Research” stated high quality 
moulds were always obtained using this product. Galbany has made a substantive 
contribution to the literature in the field of sample replication for SEM (Galbany, 2006).  
Lesnik successfully utilised the product to replicate areas of bone tools for textural 
analyses. These bone tools were excavated from the Swartkrans cave, part of the Cradle 
of Humankind World Heritage Site in South Africa and were attributed to the early 
hominin Australopithecus (Paranthropus) robustus, which at 1.7 million years old, are of 
considerable historical import (Lesnik, 2001). The concern was that the human remains 
that were to be examined for this PhD should not be damaged in any way by creating 
negative replicas of the perimortem and postmortem fracture surfaces of same utilising 
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the selected moulding material. Preliminary experimentation, using the methodology 
outlined directly below on unstratified archaeological animal bone, suggested that 
provided the fracture sites on the remains were relatively robust, not friable, or highly 
comminuted, no damage should occur (see fig. 3h, next).  
 
Fig 3h: Comparative examples: Kerf 
marks (butchery cut marks) on Antler 
These kerf marks (cuts) appear to have 
made with a non-serrated bladed weapon 
and are likely to have been made 
immediately postmortem as part of the 
butchery process. Note that the kerf marks 
shown were photographed after the 
negative impression had been taken thus 
illustrating that no damage to the sample 
occurred as a result. 
 
 
The perimortem and postmortem fractured human remains selected (see below) met these 
criteria. The negative impression was then utilised as a mould and filled with a suitable 
epoxy resin to create a positive impression, or replica, of the sample to be examined, 
which was then examined directly under SEM. Again referring to Galbany et al, and 
Lesnik in particular, as well as wider literature upon the subject, the literary evidence 
suggested that Epoxy Technology Epotek utilised by Lesnik (Lesnik, 2011; Rose, 1983), 
and  Emerson and Cuming Stycast 1266 tested by Galbany et al amongst others (Galbany, 
2006; Scott, 1982), were likely to give the best results. Again, utilising the methodology 
outlined directly below, both resins were used to create positive replicas of the same 
sample of unstratified animal bone (the negative polyvinylsiloxane impression being 
repeated rather than utilised twice to prevent repetition degradation for the purposes of 
the comparison). Upon examination under SEM, the Stycast 1266 appeared to give 
greater resolution, so was used in the examination of the comparative human remains for 
this PhD. Three unstratified bone samples were examined for comparison, an example is 
shown next in figures 3i.1 and 3i.2. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
101 
 
 
Fig 3i.1: Comparative electron micrographs of positive replicas selected kerfs are shown 
below which illustrate Stycast 1266 appears to capture finer detail when creating replicas. 
Above, Epotek, Below, Stycast: The Stycast positive replica under SEM appears to 
capture finer detail, such as texture in the upper right quadrant of the image. 
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Fig 3i.2: Again, Epotek above, Stycast below; note the finer texture in the uppermost kerf 
mark in the Stycast positive replica under SEM. 
  
3.2.5.1 Moulding 
The bones of interest were photographed with a Canon E-240 digital SLR camera, and 
then 20mm lengths of the fracture sites of interest were isolated by damming the area 
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with Coltene-Whaledent Lab Putty: an elastomeric, polysiloxane, condensation type putty 
originally designed for use in the dental laboratory. Coltène® Lab-Putty Base was mixed 
according to manufacturer’s instructions. Cylindrical and/or flat shapes were fabricated to 
dam the selected fracture sites to provide a suitable water tight cavity in which to pour the 
polyvinylsiloxane moulding material (www.coltenewhaledent.com, 2012). Coltène-
Whaledent President Jet regular body was selected for this purpose (Galbany et al, 2006). 
Equal quantities of base and catalyst were mixed on a glass slide with a plastic spatula 
and then applied within the lab putty dams to a thickness approximating 3-5mm above 
the periphery of the fracture site of interest. Minimum setting time for this material was 
stated by the manufacturer as being 2-3 minutes. 5 minutes was given for safety, before 
the set material was peeled from the fracture site and the resulting negative impression 
preserved in a specimen jar prior to casting with a suitable replicating material, to create a 
positive impression for examination under SEM (Forslind, 1999).  
3.2.5.2 Casting 
Comparative analyses (see above) suggested Emerson and Cuming Stycast 1266 A/B was 
best suited to this purpose, and was used to create accurate positive impressions of the 
fracture sites of interest (Galbany, 2006). Coltène-Whaledent lab putty as described 
above was again used to create a dam around the negative impression moulds. The resin 
(A) and hardener (B) was accurately weighed into a clean container in the recommended 
ratio: 28 parts of compound B to 100 parts of compound A by weight. The components 
were blended by hand, kneading for 2-3 minutes, scraping the bottom and sides of the 
mixing container frequently to produce a uniform mixture.  High mixing speeds were 
avoided which could entrap excessive amounts of air or cause overheating of the mixture 
resulting in reduced working life. The resin was then poured into the dammed moulds and 
allowed to set overnight (Galbany, 2006). Casts of the following samples (see table 3.1, 
next) from the collections of human remains at the Natural History Museum, London 
were selected, to analyse differences in micro-crack morphology on fracture surfaces 
between known perimortem traumas and instances of taphonomic damage. 
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Table 3.1: Examples of human skeletal trauma were sourced from the Medieval, Anglo-Saxon 
and Nubian collections at the Natural History Museum, London, as follows: 
Human Perimortem Bone Trauma Samples 
Sample 
Number 
Description Natural History 
Museum Cat. No. 
Casts Per 
Item 
1 ♂ skull, sharp force trauma (sword) NHMUK PA SK 5958 1 of 3 
2 ♂ skull, sharp force trauma (sword) NHMUK PA SK 5958 2 of 3 
3 ♂ skull, sharp force trauma (sword) NHMUK PA SK 5958 3 of 3 
4 ♂ skull, sharp force trauma (sword)  NHMUK PA SK 5960 1 of 1 
5 ♂ skull, stress fracture to foramen magnum (hanged) NHMUK PA HR 9483 1 of 2 
6 ♂ skull, impact fracture prox. to f. magnum (hanged) NHMUK PA HR 9483 2 of 2 
7 ♂ skull, sharp force trauma (sword) NHMUK PA HR 9484 1 of 3 
8 ♂ skull, sharp force trauma (sword) NHMUK PA HR 9484 2 of 3 
9 ♂ skull, sharp force trauma (sword) NHMUK PA HR 9484 3 of 3 
10 ♂ skull, penetrating trauma (undetermined)  NHMUK PA SK 5959 1 of 1 
Human Postmortem (Taphonomic) Bone Trauma Samples 
Sample 
Number 
Description Natural History 
Museum Cat. No. 
Casts Per 
Item 
1 Femoral diaphysis NHMUK PA SK 5951 1 of 1 
2 Tibial diaphysis NHMUK PA SK 5948 1 of 1 
3 Radius NHMUK PA SK 5949 1 of 1 
4 Femoral diaphysis NHMUK PA SK 5951 1 of 1 
5 Radius  NHMUK PA SK 5950 1 of 1 
6 Neck of Femur NHMUK PA SK 5955 1 of 1 
7 Femoral diaphysis NHMUK PA SK 5956 1 of 1 
8 Clavicle NHMUK PA SK 5957 1 of 1 
9 ♀ skull fragment NHMUK PA SK 5954 1 of 1 
10 ♂ scapular fragment, proximal to glenoid fossa NHMUK PA SK 5953 1 of 1 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
105 
 
3.2.5.3 Scanning Electron Microscopy of Casts 
The resultant positive impressions of the fracture surfaces were gold sputtered (to 
facilitate conductivity) in a Peltier cooled Emi Tech model K675X, to a depth of 48 nm, 
and were then examined at 13 to 16 times magnification and 14 KeV beam intensity 
(again using a SEM Tech EBT1 scanning electron microscope), to examine micro-crack 
morphology in cortical bone (Lesnik, 2011). Three random SEM fields of view were 
selected for each cast in the central region of a fractured cortical bone surface, again 
away from obvious comminution that may have skewed the results. The resultant 
scanning electron micrographs were compared to those obtained from the peri- and 
postmortem experimental blunt force fractures of porcine ribs, taken at 28 day intervals 
during the (140 day) soft tissue decomposition period, from the surface and burial 
deposition scenarios (Casts and copies of the scanning electron micrographs are to be 
supplied to the Natural History Museum, London, as part of the collaboration agreement).  
3.3. Sample Parameters for Vickers Hardness (HV), Thermogravimetric Analysis 
(TGA), Inductively Coupled Optical Emission Spectroscopy (ICP-OES), and 
Zoological Mass Spectrometry (ZooMs) Experiments   
3.3.1 Deposition and Retrieval for Decomposed Porcine Bone Samples  
Surface Deposition Scenario 
Porcine weight bearing long bones: femora, tibiae, and fibulae were deposited intact, 
under a porous layer of 30 micron micro-mesh membranes before being covered in a 
50mm deep layer of ‘leaf litter’ (simulated again by the same bark chips for uniformity), 
to facilitate decomposition via microbial action, and water perfusion whilst preventing 
more severe taphonomic damage to the samples, for a period of six months. Cumulative 
cooling degree-days were once more calculated for comparison. Samples were retrieved, 
frozen, machined, defrosted and analysed at 28 day intervals (t0 –t140 days). For these 
experiments, due to variation in climactic factors, 140 days equated to 1450 CCDD. 
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Shallow Burial Scenario 
Porcine weight bearing long bones: femora, tibiae, and fibulae were deposited intact, and 
decomposed at a depth of 300mm below proprietary loam soil (as previously described) 
(25 litres total) in an aerated 1000mm (l) by 200mm (w) by 330mm (d) trough, pH 6.5, 
and again placed under a porous layer of 30 micron micro-mesh membrane before being 
buried, to facilitate decomposition via microbial action, and water perfusion whilst 
preventing more severe taphonomic damage to the samples, for a period of six months. 
Samples were retrieved, frozen, machined, defrosted and again analysed, at 28 day 
intervals (t0 –t140 days). Photographs of the experimental porcine bone samples from 
both deposition scenarios are shown next. As with previous experiments, the same 
predator cage was used to deter scavengers. 
3.3.2 Comparative Human Bone Samples 
Fresh (Perimortem Analogue) Sample 
A head and neck of femur of a 60-70 year old female was retrieved from the operating 
theatre subsequent to a hip replacement operation at Llandough Hospital, Glamorgan, 
UK, after the patient had consented for this sample to be donated for research purposes. 
The use of this tissue was deemed compliant with the UK Human Tissues Act, 2004 and 
it was stored accordingly in a licensed laboratory. The samples were then frozen, 
machined, defrosted and analysed for each experiment (see figure 3j). 
 
 
 
Fig 3j: Cut surface of fresh 
head of human femur 
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Dry (Postmortem Analogue) Sample 
A complete femur, part of a teaching skeleton, was sourced from a reputable antiques 
dealer, legally entitled to trade this item. It was certified as over 100 years old and its 
utilisation deemed compliant with the UK Human Tissues Act, 2004. The femur was 
natural dry bone and had not been treated with any preservative agent. The osteometrics 
were measured with a Ward’s Forensics ™ 600mm osteometric board, Tool zone ™ 
electronic digital sliding calipers, and Wickes ™ metal measuring tape as outlined in 
Standards (1994), as follows (Buikstra and Ubelaker, 1994).  Refer to figures 3k and 3l. 
The measurements are given in table 3.2 
 
Fig 3k Human Femur on Osteometric Board 
 
Fig 3l: Femur Osteometrics as per Table, above, from Buikstra and Ubelaker, 1994. 
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Table 3.2 Standard Osteometrics Measuring  
Implement 
Measured 
(mm) 
60. Femur Maximum Length Osteometric 
Board 
432 
61. Femur Bicondylar Length Osteometric 
Board 
454 
62. Femur Epicondylar Breadth Sliding Calipers 80.05 
63. Femur Maximum Head Diameter Sliding Calipers 49.76 
64. Femur Anterior-Posterior Sub-Trochantric Diameter Sliding Calipers 26.37 
65. Femur Medial-Lateral Sub-Trochantric Diameter Sliding Calipers 35.08 
66. Femur Anterior-Posterior Midshaft Diameter Sliding Calipers 26.15 
67. Femur Medial-Lateral Midshaft Diameter Sliding Calipers 29.12 
68. Femur Midshaft Circumference Metal Tape 85 
 
From these results the femur was determined to be most likely (but not with absolute 
certainty) from a male when compared with data obtained by Steyn et al from 106 South 
African Caucasian individuals from cadaver collections (Steyn and Iscan, 1997). No 
reliable sex corroborating osteometric data from the individual’s pelvis (such as that 
pertaining to the sciatic notch) were available. The individual must be regarded as being 
of indeterminate age as no reliable age osteometric was present e.g. Suchey-Brooks 
evaluation of patterning on the surfaces of the pubic symphyses (Buikstra and Ubelaker, 
1994). The femur appeared to have come from an individual estimated to be 1.64m +/- 
3.417cm in height as calculated for a suspected caucasoid (100 year old British anatomy 
teaching skeleton) from the equation 2.26(femur length) + 66.379 +/- 3.417, in cm as per 
Bass (2005) based upon (regression) statistics derived from raw data (measurements of 
long bones of multiple American caucasoid and negroid individuals) obtained by Trotter 
and Gleser (1958). Again, the samples were then frozen, machined, defrosted and 
analysed for each experiment. 
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3.4 Changes in Vickers Hardness of Bone during Soft Tissue Putrefaction  
Porcine femora, tibiae, and fibulae and were obtained from adolescent pigs killed within 
the previous 24 hours at abattoir as previously described. The t0 samples (fresh, 
perimortem analogue acting as intrinsic controls for surface and burial depositions) were 
frozen, machined, defrosted and examined for Vickers macrohardness.  
3.4.1 Machining Samples 
The long bones were frozen for a period of not less than 48 hours at -20°C. The purpose 
of this was again dual fold, to facilitate easier machine cutting of samples, and to negate 
the effects of friction generated heat when machine cutting thus minimising any thermal 
damage to the bone samples. The bones were then machined into 10mm thick 
longitudinal and transverse section samples with a Draper 100 watt band saw at low 
speed. The cut samples were then polished to obtain a smooth surface using the Draper 
tri-base orbital sander and P400 grain sandpaper. Once polished, the bone samples were 
allowed to defrost at 4˚C prior to Vickers macrohardness indentation.   
 3.4.2 Vickers Macrohardness Indentation 
All samples were indented with a Zwick 3212 Vickers hardness indenter (fig. 3m, see 
next) with a 3.5kgf load with a 10 second dwell time towards the central region of the 
bone surface to avoid breakage at the edges. Thirty repetitions were conducted in the 
tangential and longitudinal planes for each cortical bone sample (see fig. 3n, next). The 
load and dwell time was determined by test indentations conducted upon fresh porcine 
bone with 0.5kgf incremental loads ranging from 0.5kgf to 5kgf. Indentation was 
negligible or unreliable in the Vickers microhardness range (0.5 – 1.0 kgf), and showed 
no discernible change from 3.5kgf to 5.0kgf in the macrohardness range (see fig. 3m). 
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Fig 3m: Zwick 3212 Vickers Hardness Indenter 
 
Figure 3n: The planes in which Vickers hardness 
indentations were taken to measure tangential and 
longitudinal HV (Diagram reproduced from 
http://www.pilot3d.com/3d_solid_modeling.htm). 
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3.4.3 Microscopy, Photography, and Image Analysis 
Microscopy and photography were carried out with a stand mounted self-illuminated 
Noruga NV1-1 200X USB microscope at a focal length of 5mm from the samples of 
interest, coupled with an Asus Eee Pc 701SD notebook computer running Microsoft 
Windows XP home edition, the embedded media software of which was used to capture 
the images. This equipment was selected for its portability, to demonstrate it could be 
used in conjunction with a suitable portable Vickers hardness tester (as opposed to a 
laboratory model such as the Zwick 3212 used in the research here) in the field in the 
forensic evidential context. A Lightening Powder(R) forensic photographic scale was 
photographed at the same focal length for each bone sample to provide a standardised 
reference to measure the Vickers macrohardness indentations (midpoint to midpoint of 
scale lines was used). The captured images were saved as jpeg files and imported into 
ImageJ(R) software for measurement against this scale. Vickers macrohardness for each 
indentation was calculated according to the equation outlined in the introduction (see 
section 1.3.4.) A spreadsheet was developed specifically for this purpose, after being 
modified from the original developed by Matthew Peet (2013).   
3.5 Thermogravimetric Analysis: Investigating Progressive Dehydration of Bone 
during Soft Tissue Putrefaction 
Samples were as per the previous experiment. Porcine femora, tibiae, and fibulae were 
obtained from adolescent male pigs killed within the previous 24 hours at abattoir as 
described earlier. The t0 samples (fresh, perimortem analogue) were frozen, machined, 
defrosted, ground and subjected to thermogravimetric analysis. Deposition and retrieval 
for decomposed experimental porcine bone samples, and sourcing perimortem analogue 
and postmortem human comparative bone samples were as described above (section 3.3). 
3.5.1 Machining Samples 
The porcine long bones, and comparative human bone samples, were frozen for a period 
of not less than 48 hours at -20°C. The purpose of this was again dual fold, to facilitate 
easier machine cutting of samples and to negate the effects of friction generated heat 
when machine cutting thus minimising any thermal damage to the bone samples. The 
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bones were then machined into 10mm thick longitudinal and transverse section samples 
with the Draper 100 Watt band saw at low speed. Cortical bone from these samples was 
then cut into smaller sections of approximately 5mm by 2mm with a Dremel 3001 
powered hand saw.  
3.5.2 Freeze Drying and Sample Preparation 
Half of the samples were freeze dried in a Thermo© Heto PowerDry model PL3000 
freeze dryer at -50˚C at an atmospheric pressure of 2 Pa, for 7 days (See 3.3). This 
provided a baseline for measurement of water desorption and thus acted as an 
experimental control, and also provided a comparative when examining the thermal 
decomposition of collagen during thermogravimetric analysis. The other half of the 
samples were left untreated in this respect. All samples were then ground to a rough 
powder with a pestle and mortar to give an amorphous consistency prior to 
thermogravimetric analysis.  
3.5.3 Thermogravimetric Analysis of Bone Samples   
Thermal decomposition of the bone samples was performed by thermogravimetric 
analysis on a Stanton Redcroft (STA-780 Series) as shown below in figure 3o. Ground 
bone samples (15-20 mg) were placed in a ceramic crucible and analysed under constant 
flowing helium (2 bar, 20 ml/min) to provide an inert atmosphere, from ambient (room) 
temperature (22°C) to 800°C at 10°C min-1 with a view to examining the degree of water 
desorption and thermal decomposition of collagen. 
 
 
 
 
  
Figure 3o: Stanton Redcroft (STA-780 Series) Thermogravimetric Analyser. 
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3.6 ICP-OES: Changes in Elemental Profiles of Bone during Soft Tissue 
Putrefaction 
Samples were as per the previous experiment. Porcine femora, tibiae, and fibulae and 
were obtained from pigs killed within the previous 24 hours at abattoir as previously 
described. The t0 samples (fresh, perimortem analogue) were immediately frozen, 
machined, defrosted, ground and subjected to ICP elemental analysis. Deposition and 
retrieval for decomposed experimental porcine bone samples, and sourcing perimortem 
analogue and postmortem human comparative bone samples were as described above 
(section 3.3). All of these samples were again frozen, machined, defrosted, ground and 
subjected to ICP elemental analysis (Grupe, 1988).  
3.6.1 Machining Samples 
The samples were prepared and machined as described above in section 3.5.1. 
3.6.2 Freeze Drying and Sample Preparation 
The samples were freeze dried in a Thermo© Heto PowerDry model PL3000 freeze dryer 
at -50˚C at an atmospheric pressure of 2 Pa, for 7 days (See 3.3) to remove water. All 
samples were then ground to a rough powder with a pestle and mortar to give an 
amorphous consistency prior to ICP elemental analysis.  
3.6.3 ICP-OES Elemental Analysis 
The prepared bone samples of masses not exceeding 100mg in the first run, and not 
exceeding 500mg in the second (to check discrimination) were suspended in 5ml HNO3, 
0.5ml HCl, and 3ml 30% H2O2. The suspended samples were then microwave digested in 
an Anton Paar Multiwave 3000 Microwave digester (figure 3p), 1400W ramp in 15 
minutes, holding for 15 minutes at 150˚C. The rotor used was a HF100-16. The digest 
solution for each sample was then made up to 50ml in volumetric solution and analysed 
by ICP-OES  for elemental concentrations of Ca, P, (hydroxyapatite) and K, Fe, Na 
(associated primarily with tissue fluid), then Mg, B, and Zn (trace elements). A Perkin-
Elmer Optima 2100 DV ICP-OES system (figures 3q and 3r) with axial viewing 
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configuration was utilised for this purpose with the following operating parameters, as 
per manufacturers’ instructions (http://perkinelmer.co.kr, 2015). 
View Axial Detector Liquid State 
Detector 
Optical System Echelle Sample Flow Rate ml min-1 1.5 
Power/W 1400 Nebulizer nebulizing 
chamber 
Cyclonic 
Plasma Gas Flow l min-1 15 Nebulizer Concentric glass Gem cone 
Auxiliary Gas Flow l 
min-1 
0.2 Spray Chamber Scott type 
The standards used for control purposes were 0.1, 1.0, and 10mg/L concentrations of the 
Primar 28 element standard.  
 
Fig 3p: Anton Paar Multiwave 3000 
Microwave digester, reproduced from 
http://www.icechim.ro/bioresurse/, 
2013). 
 
Fig 3q: Optima 2100 DV ICP-OES system, reproduced 
from www.perkinelmer.com, 2013. 
 
Fig 3r: Sample introduction system of 
the Optima 2100 DV, reproduced from 
www.perkinelmer.com, 2013. 
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3.7 Analysis of Changes in Non-Collagenous Peptide Content in Bone during Soft 
Tissue Putrefaction by Zoological Mass Spectrometry (ZooMS) 
Samples were as per the previous experiment. Porcine femora, tibiae, and fibulae and 
were obtained from pigs killed within the previous 24 hours at abattoir. The t0 samples 
(fresh, perimortem analogue) were immediately frozen, machined, defrosted, ground 
digested and subjected to ZooMS analysis. These again acted as an intrinsic experimental 
control. Deposition and retrieval for decomposed experimental porcine bone samples, and 
sourcing perimortem analogue and postmortem human comparative bone samples were 
as described above (section 3.3). All samples were frozen, machined as per the method in 
the previous experiment, defrosted, ground, freeze dried and subjected to ZooMS analysis 
(Grupe, 1988).  
3.7.1 Freeze Drying and Sample Preparation 
The samples were freeze dried in a Thermo© Heto PowerDry model PL3000 freeze dryer 
at -50˚C at an atmospheric pressure of 2 Pa, for 7 days (See 3.3). This was to provide a 
baseline for water desorption. All samples were then covered in parafilm (Bemis Parafilm 
M) to prevent contamination and ground to a rough powder with a pestle and mortar to 
give an amorphous consistency prior to digestion and ZooMS analysis. 
3.7.2 The extraction of collagen and non-collagenous peptides from bone samples to 
be analysed by MALDI-TOF-MS: standard ZooMS protocols (buffer extractions) 
Step 1: Extraction and Rinsing 
10mg of bone chip/powder was weighed into an Eppendorf tube. 100 µL of 50mM 
ammonium bicarbonate solution (NH4HCO3) pH 8.0 was added. This was compared to a 
collagen extraction procedure that took place through the rubbing of a PVC eraser against 
bone samples (outer or inner surfaces) where the eraser shavings are then collected and 
placed likewise into an ammonium bicarbonate solution to transfer the collagen from the 
shavings into solution. (An eraser on paper only sample was also examined as a further 
extrinsic experimental control for this extraction parameter.) These were further 
compared to samples that had been demineralised in 0.6M HCl for 24 hours at 0˚C, which 
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were centrifuged and the supernatant discarded. The acid insoluble fraction was brought 
to neutral pH in ultrapure water, and again, transferred to the ammonium bicarbonate 
solution. The samples were left at ambient temperature overnight to clean and remove 
soluble contamination (Van Doom et al, 2011).  
Step 2: Gelatine extraction 
The supernatant was removed from the sample and discarded. 100 µl of the same 50mM 
ammonium bicarbonate solution was added and this was then incubated for one hour at 
65°C. The supernatant was transferred to a second Eppendorf. If the original sample 
needs to be stored, it must be frozen at -20 °C (Ibid). 
Step 3: Trypsin digestion 
To a third Eppendorf 50 µl of supernatant was added along with and 1 µl of trypsin 
solution. The sample was incubated overnight in a heating block at 37°C (approx.12-18 
hours). The sample was then spun down for 15 seconds (speed/g = 14000rpm/20800g) 
and 1 µl of 5% TFA was added. The sample was then extracted using a C18S Zip Tip 
(Ibid). 
Step 4: Peptide extraction 
Before extraction each tip was conditioned, a separate tip was used for each standard and 
sample. The tips were conditioned and extracted using the following 5 steps (Ibid). For 
each sample separate Eppendorfs of washing and conditioning solution were prepared. 
After the third step peptides were bound to the C18 tip, therefore subsequent washing and 
conditioning solutions were “contaminated” and could not be re-used.         
1.    The tip was rinsed twice with 100µl of conditioning solution 
2.    The tip was rinsed twice with 100µl of washing solution. 
3.    The sample was re-suspended back and forth over the tip, at least ten times, being 
careful not to allow air in (never going past the first stop point of the pipette). 
4.    The tip was rinsed twice with 100µl of washing solution. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
117 
 
5.    The sample was eluted with 50µl of conditioning solution into a new eppendorf, 
passing through the tip at least ten times. 
Step 5: Spotting onto the 384 spot MALDI-TOF MS plate 
Sample, matrix and reference standard were then spotted on a 384 well MALDI-TOF MS 
plate. A 1µl sample was added first ensuring the tip did not touch the plate, and then 1µl 
matrix was added on top. A map was drawn out recording what was added to each spot 
(Ibid).  
Materials and reagents 
AmBic: Ammonium bicarbonate buffer (50mM) 
The buffer was made up in UHQ water and pH adjusted to 8.0 using ammonium 
hydroxide 1 M. For 10 ml, add 39.53 mg ammonium bicarbonate (NH4HCO3) was added 
to 10 ml of UHQ water, then adjusted to pH 8.0 using ammonium hydroxide 1 M. 
Washing solution 
0.1% TFA and UHQ water 
For 10 ml, 10 µL of TFA was added to 10 m of UHQ water. 
Conditioning solution (used for both Zip Tips and matrix preparation) 
0.1% TFA in 50:50 Acetonitrile and UHQ water 
For 10 ml, 5 ml ACN was added to 5 ml UHQ water and 10 µL of TFA 
Trypsin solution 
Trypsin was bought in freeze dried (stored at -20 °C) and suspended in 50 µL of re-
suspension buffer. 
Termination solution (TFA) 
For 10ml (5%), 500 µl trifluoroacetic acid was added to 9.5ml UHQ water. 
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Sample matrix solution – (stable for three days at ambient conditions in the dark) 
α-cyano-4-hydroxycinnamic acid (CHCA) is used as the matrix solution and was 
prepared as follows: 10mg of CHCA was dissolved in 1ml of conditioning solution, and 
vortexed for 60 seconds. The top 500 µL was transferred into a new Eppendorf. The 
previous Eppendorf containing the pellet was discarded. 500 µL of conditioning solution 
was added to the new tube and vortexed for 60 seconds. This was stored in the dark.  
3.7.3 MALDI-TOF MS Analysis 
The samples were analysed by MALDI-TOF MS using a Bruker Ultraflex III MALDI 
TOF/TOF mass spectrometer equipped with an Nd/YAG smart beam laser to acquire 
mass spectra over the m/z range 800-3200. Mass spectra of the samples to be analysed 
were externally calibrated against an adjacent spot containing six peptides (des-Arg1-
Bradykinin, M+H+ at m/z 904.681, Angiotensin I, M+H+ at m/z 1296.685, Glu1-
fibrinopeptide B,  M+H+ at m/z 1750.677, ACTH 1-17 Clip, M+H+ at m/z 2092.086, 
ACTH 18-39 Clip, M+H+ at m/z 2465.198, ACTH 7-38 Clip, M+H+ at m/z 3657.929). 
Monoisotopic masses were obtained using a SNAP averaging algorithm (C 4.9384, N 
1.3577, O 1.4773, S 0.0417, H 7.7853). Sequencing of peptides was carried out by 
manually interpreting the product ion (MS/MS) spectra obtained on collision induced 
dissociation of these peptides.   
3.7.4 Data Processing 
Each experimental porcine bone sample retrieved at T0, T28, T56, T84, T112, and T140 
(0, 250, 551, 879, 1219 and 1450 cumulative cooling degree days respectively) from 
surface and burial deposition scenarios, along comparative perimortem analogue and 
postmortem human bone samples, generated data files comprising m/z values, relative 
signal intensities, and signal to noise ratios, utilising proprietary Bruker Flex analysis 
software. These files were then imported into Mmass version 5.5.0 software, authored by 
Martin Strohalm, to generate mass spectra that were then analysed at a signal to noise 
ratio of 10 against SwissProt and NCBInr databases to determine the mass and 
subsequently the likely molecular structure of peaks of interest (Buckley et al, 2009). 
Software limitations limited analysis to masses of 3 kDa or less, isolating non-
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collagenous proteins from (comparatively ubiquitous) higher molecular weight collagen 
molecules, typically 200 kDa and 100 kDa for β and α-chains respectively (Zhang et al, 
2006). Masses were also compared to evaluate the possibility of progressive post-
translational change such as deamidation, demethylation, deoxidation, of the most 
prevalent peaks in the respective spectra, and these were then examined for changes in 
absolute intensity, in order to determine the pertinence of any possible changes in mass or 
quanta over time, with a view to elucidating any possible biomarkers that may represent 
specific points in the timeframe of soft tissue putrefaction (Hoffman et al, 2008). 
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Chapter 4 
Results 
4.1 Analysis of Changes in Bone Stain Colour during Soft Tissue Putrefaction  
For the purposes of descriptive and inferential statistical analyses, the Munsell hues in the 
raw data have been ascribed their equivalent points on the Munsell 100 point scale as 
outlined in table 4.1 below. 
Table 4.1: Munsell 100 Point Scale Conversion 
Munsell Hue Ascribed Value (100 point scale) 
Red(R) 00.00-10.00 
Yellow-Red(YR) 11.00-20.00 
Yellow(Y) 21.00-30.00 
Green-Yellow (GY) 31.00-40.00 
Green(G) 41.00-50.00 
Blue-Green(BG) 51.00-60.00 
Blue(B) 61.00-70.00 
Purple-Blue(PB) 71.00-80.00 
Purple(P) 81.00-90.00 
Red-Purple(RP) 91.00-100.0 
 
Figure 4a, next, illustrates the experimental porcine bone samples as they were retrieved 
every 28 days during the soft tissue putrefaction period of decomposition.  
 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
121 
 
 
T0 Pre-Deposition (0 CCDD) 
 
T28 Surface Deposition (28 CCDD)          
 
T56 Surface Deposition (82 CCDD) 
 
T84 Surface Deposition (183 CCDD) 
 
T112 Surface Deposition (422 CCDD) 
 
T140 Surface Deposition (638 CCDD) 
 
T0 Pre-Deposition (0 CCDD) 
 
T28 Burial Deposition (28 CCDD) 
 
T56 Burial Deposition (82 CCDD) 
 
T84 Burial Deposition (183 CCDD) 
 
T112 Burial Deposition (422 CCDD) 
 
T140 Burial Deposition (638 CCDD) 
 
Fig 4a: Experimental Porcine Bone Samples during Soft Tissue Putrefaction (T28 = 28 days 
since deposition etc., the equivalent value in cumulative cooling degree days is given in brackets.) 
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4.1.1 Colorimetric Data Recording and Analysis 
Cumulative cooling degree days were recorded on each data sheet. The baseline 
temperature was set at 4˚C, above which is optimum for the microbial, enzymatic and 
insect activity essential to decomposition. Temperature readings were sourced from the 
Ebbw Vale weather station via http://www.degreedays.net/ : IWALESEB2: Ebbw Vale, 
Ebbw Vale, Wales (3.22W, 51.80N) (1mi/2km) which is within 3.5 miles of the 
experimental site and shares the same temperature ranges and weather pattern. Examples 
of data sheets are shown. The colorimetric data as previously stated was generated for 30 
points across the periosteal and fracture surfaces of each approximately 20mm by 20mm 
bone sample. The results were then converted to the 100 point Munsell scale as depicted 
in the table above and initially analysed for homogeneity of variance between sequential 
paired datasets at 95% confidence as specified below (groups 1 to 4) using Levene’s test 
(Levene, 1960). Levene’s test was used here to check if variances were equal between 
these datasets to ascertain whether the data came from a non-normal distribution (Brown 
and Forsythe, 1974; http://www.statisticshowto.com/levene-test/, 2016). This gives a 
single overall test of whether there are differences between these groups. The null 
hypothesis for Levene’s test would be that the variances are equal across all samples:  
H0: σ12 = σ22 = … = σk2. 
The alternate hypothesis would be that the variances are not equal for at least one pair:  
H0: σ12 ≠ σ22 ≠… ≠ σk2 (Ibid). 
The test statistic is expressed as follows: 
  
…where Zi,j is the mean of the subgroup tested (Ibid). As the results of respective 
Levene’s tests indicated that not all of the sequential paired datasets utilised to analyse 
the results of this experiment were of non-normal distribution it was decided to use the 
Mann-Whitney U test as a non-parametric alternative to the one way analysis of variance, 
or ANOVA, to give a single overall test of whether there were significant differences 
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between them (Bewick et al, 2004; Sawyer, 2009; Andersen and Ter Braak, 2003). The 
Mann-Whitney U test was used in preference to the Kruskal-Wallis test as paired datasets 
were being tested and the latter is more suited to testing three or more datasets (Chan and 
Walmsley, 1997; Nacahr 2008).  
The null hypothesis used for the results here is that the samples come from datasets such 
that the probability that a random observation from one dataset is greater than a random 
observation from another dataset is 0.5, i.e. 95% confidence or p < 0.05 (Nacahr, 2008). 
The Mann-Whitney U test starts by substituting the rank in the overall data set for each 
measurement value. The smallest value is ranked 1, etc. The sum of the ranks is 
calculated for each dataset, then the test statistic, U, is calculated. U represents the 
variance of the ranks among datasets, and is approximately chi-square distributed, 
meaning that the probability of getting a particular value of U by chance, if the null 
hypothesis is true, is the p value corresponding to a chi-square equal to U. The degrees of 
freedom are the number of groups minus 1, which is 1 in the case of the data analysed 
here (Ibid).  
However, as each dataset was used at least n times in a sequential series of Mann-
Whitney U tests, the risk of a type I error, i.e. the incorrect rejection of the null 
hypothesis that there is no (significant) colour change, is compounded. This risk was 
accounted for by the application of the Bonferroni correction. As outlined by Armstrong 
(2014), the Bonferroni correction was proposed to circumvent the problem that as the 
number of tests increases, so does the likelihood of a type I error, i.e., concluding that a 
significant difference is present when it is not. Hence, if a null hypothesis (Ho) is true and 
α = 0.05  is used as the test criterion for all tests, a significant difference will be observed 
by chance one in 8 trials performed on each dataset (Armstrong, 2014). 56 tests were 
performed as outlined below. Any one dataset was tested at least 4 times and 8 times for 
the T0 datasets (the results for the intrinsic experimental controls).  If 8 tests are 
performed, α = 0.05 must be corrected to α = 0.0063 (i.e. divided by 8). Consequently α = 
0.0063 could be set in the Mann-Whitney U tests when interpreting the results for this 
experiment to account for the number of tests performed containing T0 fracture datasets, 
with α = 0.0125 (i.e. 0.05 / 4) set for Mann-Whitney U tests not containing those specific 
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datasets. This was rounded up to α = 0.01 for all parameters. In general, the error rate will 
be: 1 – (1-α)/T where ‘α’ is the critical p level and ‘T’ is the number of tests performed 
(Ibid). In practice, Armstrong points out that an adjusted significance level of α/T is used 
as an approximation to (1) (Ibid). Hence, the Bonferroni correction is applied to each 
individual test to maintain the α level over all tests at 0.05. It was decided to use the 
Bonferroni correction as a single test of the ‘universal null hypothesis’ (Ho) that all tests 
are not significant was required, it was imperative to avoid a type I error, and finally a 
large number of tests were carried out (Ibid). The calculations were carried out using 
Microsoft Excel 2010™ and QI Macros 2017™ software and are summarised below in 
table 4.2 
Group 1: Intra-variation in colouration between periosteal and bone fracture 
surfaces: Can (analogous) perimortem fracture surface colouration be shown to 
differ significantly from that of the periosteal surface during soft tissue 
decomposition, relative to similar postmortem/taphonomic fractures? 
1. T0 Periosteal Surface Colouration (n=300) Vs. T0 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
2. T28 Periosteal Surface Colouration (n=300) Vs. T28 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
3. T56 Periosteal Surface Colouration (n=300) Vs. T56 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
4. T84 Periosteal Surface Colouration (n=300) Vs. T84 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
5. T112 Periosteal Surface Colouration (n=300) Vs. 112 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
6. T140 Periosteal Surface Colouration (n=300) Vs. T140 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Surface Deposition. 
7. T0 Periosteal Surface Colouration (n=300) Vs. T0 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
8. T28 Periosteal Surface Colouration (n=300) Vs. T28 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
9. T56 Periosteal Surface Colouration (n=300) Vs. T56 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
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10. T84 Periosteal Surface Colouration (n=300) Vs. T84 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
11. T112 Periosteal Burial Colouration (n=300) Vs. T112 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
12. T140 Periosteal Burial Colouration (n=300) Vs. T140 Fracture Surface Colouration 
(n=300) ‘Perimortem Fracture’ Burial Deposition. 
13. T0 Periosteal Surface Colouration (n=300) Vs. T0 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
14. T28 Periosteal Surface Colouration (n=300) Vs. T28 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
15. T56 Periosteal Surface Colouration (n=300) Vs. T56 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
16. T84 Periosteal Surface Colouration (n=300) Vs. T84 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
17. T112 Periosteal Surface Colouration (n=300) Vs. T112 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
18. T140 Periosteal Surface Colouration (n=300) Vs. T140 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Surface Deposition. 
19. T0 Periosteal Surface Colouration (n=300) Vs. T0 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
20. T28 Periosteal Surface Colouration (n=300) Vs. T28 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
21. T56 Periosteal Surface Colouration (n=300) Vs. T56 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
22. T84 Periosteal Surface Colouration (n=300) Vs. T84 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
23. T112 Periosteal Burial Colouration (n=300) Vs. T112 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
24. T140 Periosteal Burial Colouration (n=300) Vs. T56 Fracture Surface Colouration 
(n=300) ‘Postmortem Fracture’ Burial Deposition. 
Group 2: Inter-variation in colouration between T0 ‘perimortem’ and T28-T140 
fracture surfaces: Does T0 ‘perimortem’ fracture surface colouration change during 
soft tissue decomposition? 
1. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
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2. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
3. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
4. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
5. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T140 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
6. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
7. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
8. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
9. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
10. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V140 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
Group 3: Inter-variation in colouration between T0-T28, T28-T56, T56-T84, T84-
T112, and T112-T40 ‘perimortem’ fracture surfaces: Is there a significant 
colouration change on ‘perimortem’ fracture surfaces during 28 Day intervals of 
soft tissue decomposition?  
1. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
2. T28 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
3. T56 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
4. T84 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Perimortem 
Fracture’ Surface Colouration (n=300) Surface Deposition. 
5. T112 ‘Perimortem Fracture’ Surface Colouration (n=300) V T140 ‘Perimortem 
Fracture’ Surface Colouration (n=300) Surface Deposition. 
6. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
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7. T28 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
8. T56 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Perimortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
9. T84 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Perimortem 
Fracture’ Surface Colouration (n=300) Burial Deposition. 
10. T112 ‘Perimortem Fracture’ Surface Colouration (n=300) V T140 ‘Perimortem 
Fracture’ Surface Colouration (n=300) Burial Deposition. 
Group 4: Inter-Variation in colouration between ‘perimortem’ and ‘postmortem’ 
fracture surfaces at 28 day Intervals: Is there a statistically significant difference? 
1. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T0 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
2. T28 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
3. T56 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
4. T84 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Surface Deposition. 
5. T112 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Postmortem 
Fracture’ Surface Colouration (n=300) Surface Deposition. 
6. T112 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Postmortem 
Fracture’ Surface Colouration (n=300) Surface Deposition. 
7. T0 ‘Perimortem Fracture’ Surface Colouration (n=300) V T0 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
8. T28 ‘Perimortem Fracture’ Surface Colouration (n=300) V T28 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
9. T56 ‘Perimortem Fracture’ Surface Colouration (n=300) V T56 ‘Postmortem Fracture’ 
Surface Colouration (n=300) Burial Deposition. 
10. T84 ‘Perimortem Fracture’ Surface Colouration (n=300) V T84 ‘Postmortem 
Fracture’ Surface Colouration (n=300) Burial Deposition. 
11. T112 ‘Perimortem Fracture’ Surface Colouration (n=300) V T112 ‘Postmortem 
Fracture’ Surface Colouration (n=300) Burial Deposition. 
12. T140 ‘Perimortem Fracture’ Surface Colouration (n=300) V T140 ‘Postmortem 
Fracture’ Surface Colouration (n=300) Surface Deposition. 
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4.1.2 Examples of Raw Data: 
Effect of Decomposition on Perimortem Staining of Cortical Bone: Data Sheet 
Sample Code: stainexpsjw1 T0peri Comments 
Period of Decomposition/Degree Days: 0 Cortex 
thicker than 
most other 
samples. All 
fascia 
tissues 
removed. 
 
Surface or Burial? Surface 
Impact Details: sharp force pre-deposition 
Wal-Kill Color(TM) Standardised Munsell Colorimetric Analysis of Staining of 
Cortical Bone Fracture Surface  
Colour 
sample 
(81 
pixels 
averaged) 
Hue 
Bone Surface: 
Periosteal/Fracture 
Value 
Bone Surface: 
Periosteal/Fracture 
Chroma 
Bone Surface: 
Periosteal/Fracture 
1 1.12R / 1.25R 3.97 / 4.39 2.84 / 4.07 
2 4.85R / 1.95YR 3.48 / 4.34 2.92 / 3.69 
3 6.72R / 1.47YR 3.71 / 3.99 2.69 / 4.10 
4 1.01YR / 0.76YR 3.77 / 3.91 2.78 / 4.05 
5 0.81YR / 0.32Y 3.55 /3.67 3.01 / 4.39 
6 1.68YR / 0.77YR 3.58 / 3.76 3.43 / 4.21 
7 2.14YR / 1.97YR 4.05 / 3.95 2.72 / 3.81 
8 1.25YR / 1.32YR 3.86 / 3.74 3.21 / 4.15 
9 8.12R / 1.82/YR 4.23 / 3.71 2.71 / 4.37 
10 1.54YR / 2.38YR 4.32 / 3.89 3.43 / 4.13 
11 0.38YR / 2.51YR 3.00 / 4.06 4.22 / 3.74 
12 9.47R / 2.33YR 2.91 / 4.01 3.72 / 4.06 
13 0.19R / 2.15YR  3.08 / 4.06 3.37 / 4.16 
14 9.98R / 2.45YR 2.95 / 4.12 3.74 / 4.44 
15 0.24YR / 3.08YR 2.99 / 4.40 3.40 / 4.18 
16 9.00R / 3.31YR 3.04 / 3.70 3.31 / 3.72 
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17 0.61YR / 2.01R 3.16 / 3.25 3.40 / 4.04 
18 9.64R / 1.40YR 2.95 / 3.24 4.06 / 3.84 
19 9.29R / 1.34YR 3.06 / 3.17 4.22 / 3.60 
20 0.29YR / 1.85YR 3.36 / 3.28 4.73 / 3.51 
21 9.86R / 1.20YR 2.72 / 3.10 5.23 / 3.37 
22 0.88YR / 1.40YR 2.69 / 2.97 5.50 / 3.42 
23 1.14YR / 2.21YR 2.59 / 3.15 5.87 / 3.11 
24 1.16YR / 2.17R 2.56 / 3.28 6.02 / 3.07 
25 1.23YR / 3.82YR 2.55 / 3.50 5.92 / 2.99 
26 1.23YR / 3.36YR 2.40 / 3.48 5.91 / 3.17 
27 1.28YR / 2.86YR 2.42 / 3.54 5.77 / 2.86 
28 1.19YR / 4.37YR 2.32 / 3.69 6.35 / 2.89 
29 1.14YR / 4.23YR 2.44 / 3.84 6.50 / 3.07 
30 1.03YR / 4.48YR 2.51 / 4.08 6.94 / 3.07 
 
Cortical Bone Fracture Surface Showing Colour Sampling and Scale  
 
  
Periosteal Bone Surface 
 
Fractured Bone Surface 
 
The numbers marked indicate where colour samples were taken. 
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Effect of Decomposition on Perimortem Staining of Cortical Bone: Data Sheet 
Sample Code: stainexpsjwt140b1post Comments 
Period of Decomposition/Degree Days:  112 / 28+54+101+239+216  cooling degree 
days          
                                                                          (4˚C base temperature) 
Mainly Y 
hues to 
fracture 
surface, 
various 
hues to 
periosteal 
surface. 
Some 
Adipocere 
evident. 
Surface or Burial? burial 
Impact Details: sharp force 
Wal-Kill Color(TM) Standardized Munsell Colorimetric Analysis of Staining of 
Cortical Bone Fracture Surface  
Colour 
sample 
(81 pixels 
averaged) 
Hue 
Bone Surface: 
Periosteal/Fracture 
Value 
Bone Surface: 
Periosteal/Fracture 
Chroma 
Bone Surface: 
Periosteal/Fracture 
1 2.31PB/4.19Y 1.79/3.23 0.56/2.81 
2 1.42Y/1.29Y 1.28/2.40 0.29/3.36 
3 2.85Y/1.16GY 2.65/3.13 0.37/1.66 
4 9.66B/9.72Y 1.53/3.52 0.21/1.98 
5 3.75R/1.08GY 0.50/2.72 1.46/1.93 
6 2.69Y/0.93GY 1.95/3.20 1.54/2.22 
7 9.02R/1.10GY 0.50/2.15 1.72/2.29 
8 4.20YR/7.76Y 0.74/2.34 1.40/2.47 
9 7.78Y/8.32Y 1.85/1.94 0.64/2.45 
10 8.81R/6.13Y 0.50/2.69 1.64/2.37 
11 0.66YR/8.26Y 0.58/2.52 1.93/2.29 
12 4.34Y/1.42Y 0.99/2.50 0.27/2.44 
13 6.01R/6.84Y 0.50/2.36 1.79/2.37 
14 9.73RP/7.16Y 0.50/2.59 1.85/2.49 
15 0.02G/9.11Y 0.75/2.60 0.79/2.36 
16 5.93R/9.65Y 0.50/2.96 1.89/2.20 
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17 6.36R/7.62Y 0.50/2.85 1.88/2.27 
18 5.81Y/4.66Y 0.50/2.81 1.16/2.28 
19 8.32R/6.95Y 0.50/2.45 1.82/2.34 
20 8.44RP/5.47Y 0.50/2.83 1.87/2.00 
21 0.60GY/5.57Y 1.48/2.52 0.13/2.46 
22 2.66YR/1.94Y 0.50/2.30 1.64/2.44 
23 3.88YR/5.35Y 0.57/2.28 1.04/2.42 
24 7.97B/9.96YR 1.20/2.39 0.21/2.43 
25 1.45YR/3.41Y 0.50/2.13 1.30/2.49 
26 0.71YR/1.98Y 0.68/2.54 1.69/2.36 
27 2.95Y/3.14Y 2.69/2.19 1.95/2.61 
28 1.46Y/3.11Y 0.97/2.79 0.88/2.51 
29 8.62YR/4.66Y 2.19/2.81 2.76/2.28 
30 10.00YR/2.68Y 3.37/3.83 2.12/2.00 
 
Cortical Bone Fracture Surface Showing Colour Sampling and Scale  
 
  
Periosteal Surface 
 
Fracture Surface 
 
The numbers marked indicate where colour samples were taken. 
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4.1.3: Table 4.2 Inferential Statistics re: Sequential Colour Change 
Group Parameter Levene’s Test: H0: 
Normal Data Distribution, 
reject if p < 0.05. Accept 
or reject H0? 
Mann-
Whitney 
p-Value 
H0 Null Hypothesis: No 
Colouration difference. 
Bonferroni corrected α = 
0.01 Accept or reject H0? 
Group 1 T0 Periosteal Surface Colouration (n=300) Vs. T0 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Surface Deposition. 
p = 0.02, reject H0 0.40 Accept H0. 
Group 1 T28 Periosteal Surface Colouration (n=300) Vs. T28 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Surface Deposition. 
p = 0.46, cannot reject H0 0.89 Accept H0. 
Group 1 T56 Periosteal Surface Colouration (n=300) Vs. T56 
Fracture Surface Colouration (n=300) ‘Perimortem’ 
Surface Deposition. 
p = 0.07, cannot reject H0 0.52 Accept H0. 
Group 1 T84 Periosteal Surface Colouration (n=300) Vs. T84 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T112 Periosteal Surface Colouration (n=300) Vs. 112 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T140 Periosteal Surface Colouration (n=300) Vs. T140 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T0 Periosteal Surface Colouration (n=300) Vs. T0 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Burial Deposition. 
p = 0.02, reject H0 0.40 Accept H0. 
Group 1 T28 Periosteal Surface Colouration (n=300) Vs. T28 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Burial Deposition. 
p = 0.00, reject H0 0.25 Accept H0. 
Group 1 T56 Periosteal Surface Colouration (n=300) Vs. T56 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Burial Deposition. 
p = 0.00, reject H0 0.74 Accept H0. 
Group 1 T84 Periosteal Surface Colouration (n=300) Vs. T84 
Fracture Surface Colouration (n=300) ‘Perimortem’ 
Burial Deposition. 
p = 0.11, cannot reject H0 0.11 Accept H0. 
Group 1 T112 Periosteal Burial Colouration (n=300) Vs. T112 
Fracture Surface Colouration (n=300) ‘Perimortem 
Fracture’ Burial Deposition. 
p = 0.242, cannot reject H0 0.24 Accept H0. 
Group 1 12. T140 Periosteal Burial Colouration (n=300) Vs. 
T140 Fracture Surface Colouration (n=300) 
‘Perimortem Fracture’ Burial Deposition. 
p = 0.04, reject H0 
 
0.00 Reject H0. 
Group 1 T0 Periosteal Surface Colouration (n=300) Vs. T0 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
 
p = 0.02, reject H0 0.40 Accept H0. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
133 
 
Group 1 T28 Periosteal Surface Colouration (n=300) Vs. T28 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T56 Periosteal Surface Colouration (n=300) Vs. T56 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.31 Accept H0. 
Group 1 T84 Periosteal Surface Colouration (n=300) Vs. T84 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
p = 0.01, reject H0 0.00 Reject H0. 
Group 1 T112 Periosteal Surface Colouration (n=300) Vs. T112 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T140 Periosteal Surface Colouration (n=300) Vs. T140 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 1 T0 Periosteal Surface Colouration (n=300) Vs. T0 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.02, reject H0 0.40 Accept H0. 
Group 1 T28 Periosteal Surface Colouration (n=300) Vs. T28 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.35, cannot reject H0 0.00 Reject H0. 
Group 1 T56 Periosteal Surface Colouration (n=300) Vs. T56 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.12, cannot reject H0 0.67 Accept H0. 
Group 1 T84 Periosteal Surface Colouration (n=300) Vs. T84 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.04, reject H0 0.00 Reject H0. 
Group 1 T112 Periosteal Burial Colouration (n=300) Vs. T112 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.65, cannot reject H0 0.00 Reject H0. 
Group 1 T140 Periosteal Burial Colouration (n=300) Vs. T56 
Fracture Surface Colouration (n=300) ‘Postmortem 
Fracture’ Burial Deposition. 
p = 0.00, reject H0 0.76 Accept H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.68, cannot reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.72, cannot reject H0 0.00 Reject H0. 
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Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T140 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.26, cannot reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.01, reject H0 0.00 Reject H0. 
Group 2 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V140 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.02, reject H0 0.00 Reject H0. 
Group 3 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T56 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T84 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T112 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T140 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T56 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 3 T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T84 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.04, reject H0 0.00 Reject H0. 
Group 3 T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T112 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
 
p = 0.00, reject H0 0.01 Reject H0. 
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Group 3 T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T140 ‘Perimortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 4 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T0 ‘Postmortem Fracture’ Surface Colouration 
(n=300) Surface Deposition. 
p = 0.18, cannot reject H0 0.00 Reject H0. 
Group 4 T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T28 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 4 T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T56 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.01, reject H0 0.28 Accept H0. 
Group 4 T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T84 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 4 T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T112 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.30, cannot reject H0 0.00 Reject H0. 
Group 4 T140 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T140 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.88, cannot reject H0 0.00 Reject H0. 
Group 4 T0 ‘Perimortem Fracture’ Surface Colouration (n=300) 
V T0 ‘Postmortem Fracture’ Surface Colouration 
(n=300) Burial Deposition. 
p = 0.18, cannot reject H0 0.00 Reject H0. 
Group 4 T28 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T28 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 4 T56 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T56 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.32, cannot reject H0 0.00 Reject H0. 
Group 4 T84 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T84 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.11, cannot reject H0 0.00 Reject H0. 
Group 4 T112 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T112 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Burial Deposition. 
p = 0.00, reject H0 0.00 Reject H0. 
Group 4 T140 ‘Perimortem Fracture’ Surface Colouration 
(n=300) V T140 ‘Postmortem Fracture’ Surface 
Colouration (n=300) Surface Deposition. 
p = 0.92, cannot reject H0 0.02 Reject H0. 
Chronological Days Conversion to Cooling Degree Days for this period (4˚C base temperature). 
T0 T28 T56 T84 T112 T140 
0 28 CCDD          
                                                                    
28+54 = 82 CCDD 28+54+101= 183 CCDD          
                                                                   
28+54+101+239 = 422 CCDD 28+54+101+239+216 = 638 CCDD          
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4.1.4: Descriptive Statistics Plotting Change in Colorimetry over Time  
 
 
Mean Munsell Colour Value per Parameter 
CCDD 
Peri FS 
SD 
Peri FS 
BD 
Post FS 
SD 
Post FS 
BD 
0 15.79 13.23 15.79 13.23 
28 24.09 19.89 17.90 17.34 
82 20.66 23.72 22.30 22.33 
183 20.30 20.81 23.89 24.48 
422 22.93 19.34 22.93 24.65 
638 16.59 22.85 21.04 23.73 
 
 
 
Mean Munsell Colour Value per Parameter 
CCDD 
PS AC 
SD 
PS AC 
BD 
FS AC 
SD 
FS AC 
BD 
0 16.67 13.14 15.79 13.23 
28 23.34 18.83 24.09 19.89 
82 21.47 23.13 20.66 23.72 
183 18.15 20.41 20.30 20.81 
422 18.80 19.13 22.93 19.34 
638 14.94 20.98 16.60 22.85 
 
 
 
Mean Munsell Colour Value per Parameter 
CCDD 
PS AC 
SD 
PS AC 
BD 
FS AC 
SD 
FS AC 
BD 
0 16.67 13.14 15.79 13.23 
28 16.42 15.52 17.90 17.34 
82 21.30 20.78 22.30 22.33 
183 18.40 21.84 23.89 24.48 
422 18.80 21.17 22.92 24.64 
638 13.87 21.11 21.03 23.73 
 
Supplemental to the statistically significant variation in colour between perisoteal and fracture surfaces summarised in the previous table: 
graph a shows colour variation over time between ‘perimortem’ and postmortem fracture surfaces; graph b shows colour variation over 
time between the periosteal surface of the bone and perimortem fracture surface; finally graph c shows colour variation over time between 
the periosteal surface of the bone and postmortem fracture surface (+/- standard error of mean is applicable to all quanta, as indicated by 
error bars). The mean Munsell colour values are derived from n=30 repetitions of 81 pixel colour tests per surface of each bone sample. 
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4.1.5 Changes in Bone Stain Colour during Soft Tissue Putrefaction: Interpretation 
of Results   
There was no statistically significant difference in colouration between the periosteal and 
analogous perimortem fracture surfaces for the first 84 days for the surface deposition 
samples equating to 183 cumulative cooling degree days. After this a demonstrable 
colour differential (1-3 points on the Munsell scale), becomes apparent (see table 4.2). 
This may be indicative of differential decomposition of haemolytic, myolytic and other 
putrefaction products contributing to the staining of these surfaces. In the case of the 
burial deposition samples, there is no statistically significant difference in colouration 
between the periosteal and analogous perimortem fracture surfaces until 140 days, 
equating to 638 cumulative cooling degree days. This may be indicative of the same 
differential decomposition, slowed by the lower temperature and oxygen availability of 
the burial matrix. Correlating patterns of colour variation which maintained a relatively 
constant differential over time for analogous peri- and postmortem fractures relative to 
the periosteal bone surface in both surface and burial deposition scenarios (see graphs a, 
b, and c: 4.1.4, above) suggested consistent progressive variation in pigmentation 
associated with the presence of specific putrefaction products, and may further evidence a 
consistent pathway of chemical degradation as proposed by Vass et al, who noted the 
presence of specific biomarkers (amino acids, neurotransmitters and decompositional by-
products) in the organs and muscle of eighteen cadavers left to decompose under various 
parameters at the University of Tennessee forensic anthropology research centre. Vass et 
al correlated postmortem interval with cumulative degree hours (Vass et al, 2002).  In 
muscle for instance, glycolic acid would be expected to be present at T0, which would 
follow a chemical reaction pathway culminating in the presence of gamma amino butyric 
acid and methionine at 470 cumulative degree hours (Ibid).   
The colour differential between analogous perimortem and postmortem periosteal and 
fracture surfaces respectively showed a steady increase as time progressed. The process 
was more labile with the analogous perimortem surfaces, which may have been due to 
ingress of putrefaction fluid into the bone affecting overall movement of fluid and thus 
thermal and/or chemical equilibrium. Soft tissue was either liquefied or absent at 422 
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cumulative cooling degree days onward (see fig. 4a). For both surface and burial 
deposition scenarios, there was a significant difference in colouration between the 
analogous perimortem fracture surfaces. This indicated that initial staining colouration 
associated with perimortem trauma does not remain static but is subject to change during 
(soft tissue) decomposition (see table 4.2). This is further substantiated by statistically 
significant variation in colouration between the T0 and T28, T28 and T56, T56 and T84, 
T84 and T112, and T122 and T140 samples for both deposition scenarios (see table 4.2).  
For the postmortem fractures, there was initially some difference in colouration between 
periosteal and fracture surfaces for surface and burial depositions, which was to be 
expected. Significant difference in colouration between these surfaces for both deposition 
scenarios was apparent from 28 days (28 CCDD) onward. 
4.2 Changing Morphology of Micro-cracks in during Soft Tissue Putrefaction 
Cumulative cooling degree days are shown on each recording sheet. Temperature 
readings were again sourced from the Ebbw Vale weather station via 
http://www.degreedays.net/ : IWALESEB2: Ebbw Vale, Ebbw Vale, Wales (3.22W, 
51.80N) (1mi/2km). Example data sheets for surface and burial depositions are shown.  
 
Figure 4b: Micro-cracks and angles 
between micro-cracks were measured 
using ImageJ software, as shown in 
this example at 56 days deposition on 
the surface (scale included). L is a 
measurement of length, and A is a 
measurement of angle in this sample 
image of a bone fracture surface 
micro-crack as shown in the 
illustrative (bottom left corner) 
exploded view below. 
 
As some angles were reciprocal, arguably they do not constitute a discrete data set (see 
figure 4b above), so micro-crack length was chosen for statistical analysis of variance. 
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Levene’s test was again carried out on each pair of datasets (mean micro-crack lengths) 
in group 1 and 2 (see below) to determine normalcy of distribution; as not all datasets 
were normally distributed, Mann Whitney U tests were again utilised to determine if 
there were any statistically significant differences between paired datasets. As each 
dataset was tested sequentially at least four times, the value of α in each Mann-Whitney 
U test is again subject to Bonferroni correction α = 0.01 by the same rationale as outlined 
for the previous experiment’s results. The length of micro-cracks on fractured bone 
surfaces was compared as follows. 
Group 1: Is there intra-variance between micro-crack lengths on fractured bone surfaces 
when bone is fractured by blunt force trauma every 28 days during soft tissue 
decomposition?  
1. T0 Vs T28 Micro-crack Length Surface Deposition 
2. T28 Vs T56 Micro-crack Length Surface Deposition 
3. T56 Vs T84 Micro-crack Length Surface Deposition 
4. T84 Vs T112 Micro-crack Length Surface Deposition 
5. T112 Vs T140 Micro-crack Length Surface Deposition 
6. T0 Vs T28 Micro-crack Length Burial Deposition 
7. T28 Vs T56 Micro-crack Length Burial Deposition 
8. T56 Vs T84 Micro-crack Length Burial Deposition 
9. T84 Vs T112 Micro-crack Length Burial Deposition 
10. T112 Vs T140 Micro-crack Length Burial Deposition 
Group 2: Is there inter-variance between micro-crack lengths on fractured Bone surfaces 
when bone is fractured by blunt force trauma every 28 days during soft tissue 
decomposition, between surface and burial deposition?  
1. T0 Surface Deposition Vs T0 Burial Deposition Micro-crack Length  
2. T28 Surface Deposition Vs T28 Burial Deposition Micro-crack Length  
3. T56 Surface Deposition Vs T56 Burial Deposition Micro-crack Length  
4. T84 Surface Deposition Vs T84 Burial Deposition Micro-crack Length  
5. T112 Surface Deposition Vs T112 Burial Deposition Micro-crack Length  
6. T140 Surface Deposition Vs T140 Burial Deposition Micro-crack Length 
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4.2.1 Examples of Raw Data 
Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: Ribexpsjw1T0 Comments on 
Appearance 
Period of Decomposition/Degree Days: 0 Three cracks 
emanating from a 
central point, 
spaced at 
approximately 
equal angles, 
appears to be a 
repeating 
prominent 
feature. 
Surface or Burial? Surface 
Impact Details: blunt force pre-deposition 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual 
Field/Magnification 
 
Number 
of Cracks/ 
Angles 
Sampled 
Length of Cracks (µm) Angle of Intersection 
(˚) 
1 
 
Mag.=13X 
 
 
 
25/25 
 
01.) 181.02    14.) 220.15 
02.) 184.04    15.) 201.79 
03.) 104.00    16.) 228.98 
04.) 105.00    17.) 292.03 
05.) 095.08    18.) 307.35 
06.) 136.82    19.) 232.76 
07.) 170.88    20.) 176.18 
08.) 080.50    21.) 086.53 
09.) 101.98    22.) 240.30 
10.) 173.30    23.) 259.38    
11.) 159.25    24.) 497.80 
12.) 136.06    25.) 247.39 
13.) 290.08     
a.) 111.61  n.) 131.33 
b.) 118.44  o.) 096.71 
c.) 130.32  p.) 076.42 
d.) 077.63  q.) 121.64 
e.) 163.24  r.) 096.55 
f.) 071.37  s.) 125.73 
g.) 116.79  t.) 123.11 
h.) 095.44  u.) 118.13 
i.) 123.88  v.) 125.13 
j.) 127.47  w.) 054.89 
k.) 098.05  x.) 111.06 
l.) 104.99   y.) 073.23 
m.) 161.05  
2 
 
Mag. =13X 
 
 
 
25/25 01.) 209.57   14.) 235.77 
02.) 151.11   15.) 283.53 
03.) 186.34   16.) 369.81 
04.) 144.83   17.) 108.96 
05.) 081.81   18.) 112.24 
06.) 190.89   19.) 193.80 
07.) 146.83   20.) 113.49 
a.) 143.13   n.) 158.82 
b.) 117.62   o.)  067.60 
c.) 097.65   p.) 128.91 
d.) 097.80   q.) 066.77 
e.) 112.54   r.) 139.59 
f.) 145.83   s.) 124.72 
g.) 086.55   t.) 092.82 
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08.) 194.48   21.) 228.13 
09.) 176.26   22.) 325.13 
10.) 104.76   23.) 244.78 
11.) 197.02   24.) 233.89 
12.) 171.74   25.) 083.71 
13.) 117.25    
h.) 118.69   u.) 104.04 
i.) 158.88   v.) 121.61 
j.) 116.99   w.) 128.17 
k.) 112.28   x.) 103.52 
l.) 136.11   y.) 122.39 
m.) 074.74 
3 
 
Mag. =13X 
 
 
 
 
 
25/25 01.) 072.99   14.) 167.76 
02.) 569.76   15.) 125.77 
03.) 046.16   16.) 543.05 
04.) 161.64   17.) 184.64 
05.) 132.80   18.) 302.89 
06.) 445.60   19.) 258.67 
07.) 355.56   20.) 299.51 
08.) 225.34   21.) 198.75 
09.) 097.17   22.) 409.45 
10.) 295.57   23.) 353.53 
11.) 220.27   24.) 300.93 
12.) 140.83   25.) 345.67 
13.) 177.45 
a.) 167.65   n.) 113.01 
b.) 072.90   o.) 116.11 
c.) 128.14   p.) 139.76 
d.) 088.68   q.) 103.56 
e.) 077.91   r.) 106.07 
f.) 127.41   s.)  125.36 
g.) 135.00   t.) 121.09 
h.) 104.93   u.) 102.09 
i.) 127.60   v.) 094.76 
j.) 122.01   w.) 141.38 
k.) 106.09   x.) 093.73 
l.) 096.58   y.) 098.22 
m.) 144.46 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
 
Cortical bone (porcine rib) fracture surface showing electron micrographs (visual fields 1 to 3), 
scale and Image J Software image analysis: numbers indicate corresponding cracks measured, 
letters indicate angles. 
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Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpsjwt140s1 Comments on Appearance 
Period of Decomposition/Degree Days:  112 / 28+54+101+239+216  cooling degree 
days  (4˚C base temperature) 
Negligible micro-cracking 
apparent on the fractured 
cortical bone surface in the first 
visual field sample. The same is 
true of the second visual field 
sample. Linear fissures, 
apparently tracking lamellae, are 
evident in the fractured cortical 
bone surface in the third visual 
field sample. 
Surface or Burial? surface 
Impact Details: blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual 
Field/Magnification 
 
Number 
of Cracks/ 
Angles 
Sampled 
Length of Cracks 
(µm) 
Angle of 
Intersection (˚) 
1 
Mag. =13X 
0/0 N/A N/A 
2 
Mag. = 13X 
0/0 N/A N/A 
3 
Mag. = 13X 
3/0 01) 588.99 
02) 304.99 
03) 231.42 
N/A 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
 
Cortical bone (porcine rib) fracture surface showing electron micrographs (visual fields 1 to 3), 
scale and Image J Software image analysis: numbers indicate corresponding cracks measured, 
letters indicate angles. 
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4.2.2 Table 4.3 Inferential Statistics re: Sequential Micro-crack Length Change 
Parameter Levene’s Test: H0: 
Normal Data 
Distribution, reject if p 
< 0.05. Accept or reject 
H0? 
Mann-
Whitney p-
Value 
H0 Null Hypothesis: No 
difference in micro-
crack length. Bonferroni 
corrected α = 0.01 
Accept or reject H0? 
1. T0 Vs T28 Micro-crack Length Surface Deposition p = 0.36, cannot reject H0. 0.45 Accept null hypothesis. 
2. T28 Vs T56 Micro-crack Length Surface Deposition p = 0.00, reject H0. 0.00 Reject null hypothesis. 
3. T56 Vs T84 Micro-crack Length Surface Deposition p = 0.00, reject H0. 0.00 Reject null hypothesis. 
4. T84 Vs T112 Micro-crack Length Surface Deposition p = 0.24, cannot reject H0. 0.00 Reject null hypothesis. 
5. T112 Vs T140 Micro-crack Length Surface Deposition p = 0.95, cannot reject H0. 0.14 Accept null hypothesis. 
6. T0 Vs T28 Micro-crack Length Burial Deposition p = 0.06, cannot reject H0. 0.08 Accept null hypothesis. 
7. T28 Vs T56 Micro-crack Length Burial Deposition p = 0.87, cannot reject H0. 0.07 Accept null hypothesis. 
8. T56 Vs T84 Micro-crack Length Burial Deposition p = 0.00, reject H0. 0.00 Reject null hypothesis. 
9. T84 Vs T112 Micro-crack Length Burial Deposition p = 0.98, cannot reject H0. 0.42 Accept null hypothesis. 
10. T112 Vs T140 Micro-crack Length Burial Deposition p = 0.24, cannot reject H0. 0.08 Accept null hypothesis. 
1. T0 Surface Deposition Vs T0 Burial Deposition Micro-crack 
Length  
p = 0.01, reject H0. 0.00 Reject null hypothesis. 
2. T28 Surface Deposition Vs T28 Burial Deposition Micro-crack 
Length  
p = 0.01, reject H0. 0.00 Reject null hypothesis. 
3. T56 Surface Deposition Vs T56 Burial Deposition Micro-crack 
Length 
p = 0.05, cannot reject H0. 0.00 Reject null hypothesis. 
4. T84 Surface Deposition Vs T84 Burial Deposition Micro-crack 
Length  
p = 0.59, cannot reject H0. 0.91 Accept null hypothesis. 
5. T112 Surface Deposition Vs T112 Burial Deposition Micro-
crack Length  
p = 0.58, cannot reject H0. 0.01 Reject null hypothesis. 
6. T140 Surface Deposition Vs T140 Burial Deposition Micro-
crack Length  
p = 0.63, cannot reject H0. 0.77 Accept null hypothesis. 
 
Chronological Days Conversion to Cooling Degree Days for this period (4˚C base temperature). 
T0 T28 T56 T84 T112 T140 
0 CCDD 28 CCDD 82 CCDD 183 CCDD 422  CCDD                                         638  CCDD                                                                           
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4.2.3 Descriptive Statistics: Changes in Micro-crack Length over Time 
 
 
Mean Crack 
Length 
CCDD Surface Burial 
0 189.19 228.01 
28 147.44 249.14 
82 127.09 99.27 
183 241.30 218.53 
422 249.83 436.19 
638 351.72 372.74 
 
The mean crack length of micro-cracks, in micrometres, observed on the fracture surfaces of the rib fragments demonstrates an 
upward trend as the soft tissue putrefaction phase of decomposition progresses. Standard error is shown (+/- standard error), n = 
25 to 471, depending on number of cracks visible in the visual fields selected for each parameter. 
 
4.2.4 Comparative Study: Differences in Micro-crack Morphology between known 
Perimortem Bone Traumas and Instances of Taphonomic Damage in Human Bone 
Casts were taken of each parameter: 10 perimortem, 10 postmortem, as outlined in table 
3.1. Micro-cracks and angles between micro-cracks were again measured using ImageJ 
software. Again micro-crack length was chosen for statistical analysis for variance using 
the Mann-Whitney U method as normal distribution of data was inconsistent according to 
Levene’s testing of these paired datasets. Three parameters were examined as like points 
of comparison: T0 analogous perimortem porcine (28 cumulative cooling degree days, 
surface deposition) vs. Natural History Museum human perimortem; T140 postmortem 
porcine (638 cumulative cooling degree days, burial Deposition) vs. Natural History 
Museum human postmortem; and finally Natural History Museum human perimortem vs. 
Natural History Museum human postmortem. The Bonferroni corrected α for the Mann-
Whitney U tests was set at 0.025 (i.e. 0.05/2), rounded to 0.03, as at least two datasets 
were tested twice in this sequence.  
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4.2.4.1 Examples of Raw Data 
Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 1 (1 of 3 from this skull) Comments on Appearance 
Natural History Museum Locus: 100-3-9 (box 4) Three micro-cracks 
emanating from a point 
evident. 
Description: ♂ skull 
Impact Details: sharp force perimortem trauma (sword) 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual 
Field/Magnification 
 
Number 
of Cracks/ 
Angles 
Sampled 
Length of Cracks 
(µm) 
Angle of 
Intersection (˚) 
1.1 
 
Mag. = 13X 
 
 
 
14/12 01) 105.64 
02) 060.10 
03) 098.43  
04) 040.15 
05) 044.02 
06) 039.57 
07) 057.32 
08) 086.97 
09) 051.18 
10) 170.57 
11) 076.04 
12) 140.85 
13) 067.04 
14) 063.48 
a) 129.56 
b) 072.61  
c) 137.60 
d) 071.57 
e) 098.57 
f) 173.61 
g) 091.74 
h) 080.13 
i) 122.47 
j) 110.25 
k) 143.67 
l) 101.31 
1.2 
 
Mag. = 13X 
 
10/10 01) 057.23 
02) 044.90 
03) 039.88 
04) 039.28 
a) 086.19 
b) 128.66 
c) 132.27 
d) 117.41 
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05) 106.85 
06) 135.62 
07) 055.13 
08) 037.65 
09) 143.13 
10) 056.82 
11) 051.59 
e) 081.87 
f) 111.37 
g) 120.96 
h) 122.47 
i) 113.13 
j) 117.41 
k) 112.17 
1.3 
 
Mag. = 13X 
 
 
 
07/07 01) 062.74 
02) 050.82 
03) 095.98 
04) 128.22 
05) 070.99 
06) 047.78 
07) 048.28 
a) 100.75 
b) 163.26 
c) 110.63 
d) 054.59 
e) 113.39 
f) 126.66 
g) 106.29 
 
  
Visual Field Sample 1.1 Visual Field Sample 1.2 
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Visual Field Sample 1.3 
 
Cortical bone (human, calvarial sword trauma) fracture surface showing electron micrographs 
(visual fields 1.1 to 1.3), scale and Image J Software image analysis: numbers indicate 
corresponding cracks measured, letters indicate angles. 
Sword trauma to skull calvarium 
view: left frontal 
Sword trauma to skull calvarium 
view: left rear parietal/occipital 
Sword trauma to skull calvarium 
view: occipital/parietal wider 
angle 
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 5 Comments on Appearance 
Natural History Museum Locus: 268-4-6 Three micro-cracks 
emanating from a point 
evident but not prolific, with 
some intersection of these, as 
illustrated by intersecting 
angles (see 5.1 and triplets of 
angles a-c etc. in 5.2 and 
5.3).  
Description: Perimortem Stress Fracture Transecting Foramen Magnum 
Impact Details: Sustained during Hanging, sub-aural knot 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual 
Field/Magnification 
 
Number 
of Cracks/ 
Angles 
Sampled 
Length of Cracks 
(µm) 
Angle of 
Intersection (˚) 
5.1 
 
Mag. = 13X 
 
 
 
10/10 01) 071.87 
02) 106.77 
03) 047.95 
04) 056.12 
05) 042.18 
06) 035.93 
07) 347.87 
08) 068.50 
09) 095.40 
10) 114.53 
a) 106.98 
b) 117.90 
c) 129.62 
d) 101.31 
e) 135.00 
f) 126.87 
g) 046.04 
h) 107.39 
i) 163.39 
j) 096.99 
5.2 
 
Mag. = 13X 
 
 
 
12/12 01) 124.63 
02) 036.16 
03) 038.62 
04) 056.56 
05) 112.30 
06) 067.70 
07) 075.43 
08) 072.31 
09) 061.26 
10) 060.88 
a) 117.18 
b) 104.04 
c) 102.53 
d) 120.75 
e) 123.69 
f) 108.43 
g) 123.18 
h) 129.72 
i) 104.98 
j) 107.40 
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11) 053.34 
12) 051.13 
k) 104.04 
l) 096.34 
5.3 
 
Mag. = 13X 
 
 
 
14/14 01) 016.64 
02) 052.32 
03) 066.78 
04) 054.62 
05) 040.38 
06) 051.13 
07) 062.75 
08) 052.32 
09) 114.13 
10) 105.59 
11) 055.46 
12) 123.14 
13) 039.99 
14) 168.67 
a) 107.40 
b) 113.20 
c) 135.00 
d) 131.63 
e) 122.91 
f) 106.86 
g) 102.84 
h) 151.84 
i) 111.04 
j) 101.00 
k) 116.57 
l) 140.71 
m) 125.48 
n) 090.00 
 
Visual Field Sample 5.1 
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Visual Field Sample 5.2                                              Visual Field Sample 5.3 
Cortical bone (human, hanging trauma to foramen magnum) fracture surface showing electron micrographs (visual 
fields 5.1 to 5.3), scale and Image J Software image analysis: numbers indicate corresponding cracks measured, 
letters indicate angles. 
 
Perimortem hanging trauma from suspected sub aural knot: fracture transecting foramen 
magnum.  
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 6 (1 of 4 from this skull) Comments on Appearance 
Natural History Museum Locus: 268-4-9  Three micro-cracks emanating 
from a point evident, as 
illustrated by intersecting angles 
(see 6.1 and triplets of angles a-
c etc. in 6.2 and 6.3). Multiple 
intersections of micro-cracks on 
6.2, less evident on 6.3.  
Description: ♂ Skull 
Impact Details: Multiple Sharp Force Trauma, Disseminated over Calvarium 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured 
Surface 
Sample 
Visual 
Field/Magnifi
cation 
 
Number of 
Cracks/ 
Angles 
Sampled 
Length of Cracks (µm) Angle of Intersection 
(˚) 
6.1 
 
Mag. = 13X 
 
 
 
16/16 01) 084.98 
02) 038.37 
03) 065.93 
04) 052.73 
05) 025.34 
06) 035.60 
07) 082.74 
08) 075.36 
09) 051.90 
10) 041.66 
11) 087.24 
12) 047.14 
13) 045.03 
14) 070.16 
15) 037.73 
16) 028.01 
a) 108.71 
b) 119.83 
c) 130.43 
d) 119.74 
e) 123.69 
f) 113.96 
g) 111.04 
h) 114.81 
i) 133.75 
j) 110.56 
k) 159.54 
l) 070.02 
m) 142.77 
n) 103.74 
o) 099.06 
p) 111.80 
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6.2 
 
Mag. = 13X 
 
 
 
20/20 01)  068.00           
02) 026.48 
03) 065.24 
04) 063.73 
05) 069.57 
06) 058.92 
07) 070.04 
08) 083.38 
09) 069.03 
10) 046.09 
11) 083.38 
12) 081.10 
13) 064.34 
14) 061.49 
15) 053.18 
16) 083.75 
17) 063.36 
18) 051.54 
19) 073.84 
20) 041.27 
a) 110.56 
b) 108.10 
c) 141.34 
d) 113.20 
e) 063.43 
f) 179.55 
g) 128.56 
h) 119.16 
i) 116.41 
j) 122.04 
k) 126.38 
l) 110.79 
m) 146.47 
n) 092.47 
o) 117.92 
p) 118.07 
q) 104.04 
r) 142.00 
s) 081.98 
t) 119.74 
6.3 
 
Mag. = 14X 
 
 
 
12/09 01) 191.65 
02) 042.64 
03) 068.29 
04) 043.15 
05) 042.03 
06) 039.93 
07) 038.21 
08) 048.77 
09) 018.21 
10) 037.54 
11) 041.65 
12) 011.29 
a) 116.57 
b) 115.35 
c) 118.93 
d) 116.57 
e) 108.43 
f) 143.13 
g) 108.43 
h) 090.00 
i) 150.26 
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Visual Field Sample 6.1 
 
Visual Field Sample 6.2 
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Visual Field Sample 6.3 
 
Cortical bone (human calvarial sword trauma) fracture surface showing electron 
micrographs (visual fields 1.1 to 1.3), scale and Image J Software image analysis: 
numbers indicate corresponding cracks measured, letters indicate angles. 
 
Perimortem multiple sharp force 
trauma to skull: view 1 
Perimortem multiple sharp force 
traumas to skull: view 2 
Perimortem sharp force traumas 
to skull: view 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Postmortem 1 Comments on Appearance 
Natural History Museum Locus: 100-2-7 E74 In 1.1 and 1.3, sparse micro-
cracks in the order of 0.05mm 
with minimal intersection 
apparent, no evidence of three 
cracks emanating from a point. 
In 1.2, slightly more numerous 
micro-cracks in the order of 
0.05 to 0.1mm with some 
intersection apparent, possible 
but not prolific evidence of 
three cracks emanating from a 
point. 
Description: Femur 
Impact Details: Postmortem Taphonomic Trauma 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual 
Field/ 
Magnification 
 
Number 
of Cracks/ 
Angles 
Sampled 
Length of Cracks (µm) Angle of 
Intersection (˚) 
1.1 
 
Mag. = 13X 
 
 
 
13/02 01) 050.70 
02) 060.98 
03) 058.99 
04) 089.25 
05) 052.46 
06) 062.18 
07) 079.12 
08) 027.94 
09) 050.51 
10) 046.32 
11) 055.50 
12) 048.51 
13) 090.57 
a) 104.04 
b) 056.31 
1.2 
 
Mag. = 13X 
 
20/10 01) 089.34 
02) 050.07 
03) 063.11 
04) 041.09 
11) 071.96 
12) 137.13 
13) 076.46 
14) 071.59 
a) 085.36 
b) 090.00 
c) 091.40 
d) 101.31 
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05) 085.12 
06) 049.92 
07) 096.31 
08) 051.74 
09) 057.59 
10) 041.35 
15) 100.95 
16) 059.89 
17) 157.01 
18) 082.40 
19) 095.70 
20) 046.64 
e) 116.57 
f) 086.63 
g) 105.07 
h) 100.62 
i) 101.31 
j) 117.90 
1.3 
 
Mag. = 13X 
 
 
 
10/00 01) 083.89 
02) 145.90 
03) 114.73 
04) 099.13 
05) 172.41 
06) 095.68 
07) 096.17 
08) 186.29 
09) 097.08 
10)030.76 
N/A 
Visual Field 1.1 
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Visual Field 1.2 
 
Visual Field 1.3 
 
Cortical bone (taphonomic damage) fracture surface showing electron micrographs (visual fields 
1.1 to 1.3), scale and Image J Software image analysis: numbers indicate corresponding cracks 
measured, letters indicate angles. 
 
The transverse taphonomic femoral fracture that was examined is shown above. 
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
160 
 
4.2.4.2 Table 4.4 Inferential Statistics for the Comparative Human Bone Study 
Parameter Levene’s Test: H0: Normal Data 
Distribution, reject if p < 0.05. 
Accept or reject H0? 
Mann-
Whitney p-
Value 
H0 Null 
Hypothesis: 
No 
difference 
in micro-
crack 
length. 
Bonferroni 
corrected α 
= 0.03 
Accept or 
reject H0? 
T0 (Simulated) perimortem porcine (0 
cumulative cooling degree days, surface 
deposition, n= 345) vs Natural History 
Museum human perimortem (n = 427) 
p = 0.00, reject H0. 0.03 Reject null 
hypothesis. 
T140 postmortem porcine burial (638 
cumulative cooling degree days, burial 
deposition, n = 25) vs Natural History 
Museum human postmortem (n = 385) 
p = 0.00, reject H0. 0.76 Accept 
null 
hypothesis. 
Natural History Museum human 
perimortem (n = 427) vs Natural History 
Museum human postmortem (n = 385) 
p = 0.00, reject H0. 0.00 Reject null 
hypothesis. 
 
4.2.5 Stearic Acid Experiment to Compare Morphology of Fracture Surfaces 
Suspected to be affected by Putrefaction Fluid Ingress  
Examples of each parameter (raw data) are shown, comparing porcine bone exposed to 
putrefaction fluid, and to an increasing gradient of concentration of stearic acid. Human 
perimortem trauma examples are then compared in turn. The purpose here was to 
examine any similarities in morphology and topography as the micro-cracks are not 
statistically comparable to the other samples.  
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Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpt56steariceth3 Comments on Appearance 
Period of Decomposition/Degree Days: 56 days at 25 degrees centigrade in 
the laboratory. 
Eroded trabeculae and 
some nodule features 
apparent in the first visual 
field sample, with minimal 
micro-cracking.  
The same is true of the 
second and third visual 
field samples. 
Surface or Burial? Experimental blank ethanol control 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification15X 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpt56stearic0.16.3 Comments on 
Appearance 
Period of Decomposition/Degree Days: 56 days at 25 degrees centigrade in 
the laboratory. 
Minimal micro-
cracking and nodule 
features evident in the 
first visual field sample. 
The same is true of the 
second and third visual 
field samples. 
Surface or Burial? Experimental 0.16M stearic acid in ethanol. 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification 14X 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpt56stearic1.0.2 Comments on Appearance 
Period of Decomposition/Degree Days: 56 days at 25 degrees 
centigrade in the laboratory. 
Nodule features are evident in 
what appears to be transitional 
bone underlying where the 
trabeculae would be if they had 
remained intact; none is evident 
in the cortical bone. The same is 
true of the second visual field. 
Larger fissures are evident in the 
cortical bone in the third visual 
field sample; minimal nodule 
features are apparent. 
Surface or Burial? Experimental 1.0M stearic acid in ethanol. 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of 
Microfractures  
Fractured Surface 
Sample Visual Field Magnification 14X 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpt56stearic10.3 Comments on 
Appearance 
Period of Decomposition/Degree Days: 56 days at 25 degrees centigrade in 
the laboratory. 
Very degraded cortical 
bone evident in the first 
visual field sample; some 
nodule features apparent on 
that which remains, some 
micro-cracking, difficult to 
discern, evident in the 
cortical bone; surface debris 
apparent. The same is true 
of the second and third 
visual field samples. 
Surface or Burial? Experimental 10M stearic acid in ethanol. 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification 13X 
 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Comparative Human Remains 
Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 1 Comments on 
Appearance 
Description: ♂ skull, sharp force trauma (sword) 
London Natural History Museum Locus 100-3-9 (box 4) 
Pitting is evident in all 
three visual fields. 
Nodular features are more 
apparent in the upper 
quadrants of the second 
and third visual fields. 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification 13X 
 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 2 Comments on 
Appearance 
Description: ♂ skull, sharp force trauma (sword) 
London Natural History Museum Locus 100-3-9 (box 4) 
Pitting apparent in all 
three visual fields, nodular 
feature evident near 
cracks in visual fields two 
and three. 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification  
 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 3 Comments on 
Appearance 
Description: ♂ skull, sharp force trauma (sword) 
London Natural History Museum Locus 100-3-9 (box 4) 
Pitting and nodular 
feature near cracks 
apparent in all three 
visual fields.  
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification  
 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Effect of Decomposition on Microfractures of Cortical Bone (Human Bone): Data Sheet 
Sample Code: NHM Perimortem 4 Comments on 
Appearance 
Description: ♂ skull, sharp force trauma (sword) 
London Natural History Museum Locus 76-1-5 (box 19) 
Pitting and nodular 
feature near cracks 
apparent in all three 
visual fields. 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification  
 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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T56 (82 Cumulative Cooling Degree Days) Experimental Porcine Samples 
Surface Deposition Example 
Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpsjwt56s5 Comments on 
Appearance 
Period of Decomposition/Degree Days: 56 / 28+54 cooling degree days 
                                                                          (4˚C base temperature) 
No micro-cracks evident in 
the first and second visual 
field samples; nodule 
features abundant, 
especially in trabecular 
bone. 
Surface or Burial? surface 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification 13X/14X 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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Burial Deposition 
Effect of Decomposition on Microfractures of Cortical Bone (Porcine Ribs): Data Sheet 
Sample Code: ribexpsjwt56b5 Comments on 
Appearance 
Period of Decomposition/Degree Days: 56 / 28+54 cooling degree days 
                                                                          (4˚C base temperature) 
Micro-cracks evident to 
transitional/ trabecular 
bone in the 1st, 2nd, and 3rd 
visual field samples, less 
to cortical bone, some 
tracking lamellae; nodule 
feature obscuring some 
cracks in all three visual 
field samples.  
Surface or Burial? burial 
Impact Details: Blunt force 
Electron Microscopy/Image J Software Analysis of Microfractures  
Fractured Surface 
Sample Visual Field Magnification 13X/14X 
 
Visual Field Sample 1 
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Visual Field Sample 2 
 
Visual Field Sample 3 
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4.2.6 Micro-crack Changes during Soft Tissue Putrefaction: Interpretation of 
Results 
For the porcine experimental samples, in both the surface and burial deposition scenarios, 
the mean length of the micro-cracks on fractured cortical bone surfaces inflicted by the 
standardised impact progressively increased from the order of 180 µm to 375 µm during 
soft tissue decomposition, over 140 days in situ, equating to 638 cumulative cooling 
degree days in total as shown in in the graph above (see section 4.2.3). It should be noted 
however that despite this net trend, the differences in micro-crack length between age 28 
day interval in both deposition scenarios was not always statistically significant (see table 
4.3, section 4.2.2, above) as per the Mann-Whitney U test results. The morphology of 
these micro-cracks also altered from initial multiple intersecting cracks, with an apparent 
prevalence of three micro-cracks emanating from a central point evident at T0 and T28 
days (0-28 cooling degree days) to longer, linear cracks, appearing to track lamellae as 
soft tissue decomposition progressed. Statistically, significantly greater differences was in 
micro-crack length were evident in the first 16 weeks of decomposition in the surface 
deposition scenario as compared to the burial deposition scenario within the experimental 
samples. This suggested any changes taking place affecting the structural and mechanical 
characteristics of the bone were taking place more quickly in the former (again, see table 
4.3, and section 4.2.3, above).  
For the comparative human remains from medieval, Anglo-Saxon and Nubian collections 
at the Natural History Museum of London, the increase in micro-crack length was again 
evident but less marked, increasing from the order of 61 µm to 93 µm between known 
perimortem and apparent postmortem taphonomic trauma. This was a statistically 
significant difference (see table 4.4, and section 4.2.4, above). Again micro-crack 
morphology changed from intersecting cracks with more prevalence of three micro-
cracks emanating from a point in those human remains presenting with perimortem 
trauma to more isolated linear micro-cracks on the (casts of the) taphonomic fractured 
bone surfaces. Features believed due to acidic etching by putrefaction fluid (pitting of 
cortical bone surfaces, nodular features in remaining transitional and/or trabecular bone), 
were evident primarily in bone samples fractured at T56 days (82 cumulative cooling 
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degree days) in both surface and burial deposition scenarios for the experimental porcine 
bone samples, and on the human remains exhibiting perimortem bone trauma. Such 
features did not appear evident to any great extent on the human remains presenting with 
likely postmortem taphonomic trauma. These features were replicated to an extent by 
exposing porcine bone samples to a solution of 1.0 Molar stearic acid in ethanol, as an 
experimental analogue for putrefaction fluid, further evidencing such penetration should 
be considered when examining changes to the structural and mechanical characteristics of 
bone as soft tissue decomposition progresses (see section 4.2.7, above). These features 
were less apparent in the porcine bone samples exposed to 0.1 Molar stearic acid in 
ethanol which acted as a negative control. The features were absent in the porcine bone 
samples exposed to 10 Molar stearic acid in ethanol which acted as the positive control. 
These samples had a matted fibrous appearance when examined under SEM (see example 
data sheet on p167-168) which may be consistent with a certain degree of 
demineralisation in a highly acidic medium such as this (Lewandrowski et al, 1997; 
Figueiredo et al, 2011). This finding may have implications for the analysis of bone in the 
forensic context, and will be further explored in the discussion, conclusions and further 
work chapters later in this thesis.  
4.3 Changes in Vickers Hardness (HV) of Bone during Soft Tissue Putrefaction 
Temperature readings were again sourced from the Ebbw Vale weather station. The raw 
data for all samples, the mean diagonal length of Vickers macrohardness indentation, was 
analysed using the Mann-Whitney U method as normal distribution of data was 
inconsistent according to Levene’s testing of these paired datasets (n = 30 repetitions). 
The Bonferroni corrected α for the Mann-Whitney U tests was set at 0.016 (i.e. 0.05/3), 
rounded to 0.02, as at least two datasets were tested thrice in this sequence. The same 
correction applied to the human bone sample results by this rationale. These results are 
summarised table 4.5. The calculated Vickers macrohardness for the experimental 
porcine samples (burial and surface deposition scenarios) and the comparative human 
bone samples are expressed graphically (descriptive statistics – see section 4.3.2). Table 
4.5 below summarises changes in Vickers macrohardness as decomposition progresses 
for the porcine bone samples over a six month period measured in cumulative cooling 
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degree days. Vickers macrohardness Human analogous perimortem (hip transplant) and 
postmortem (femur from teaching skeleton, 100+ years old) results are shown for 
comparison (The limitations of the spreadsheet devised for the purpose of measuring HV 
in this experiment meant that the calculations for each sample were carried out as split 
samples i.e. n=20, n=10, then a mean generated for n = 30. The range of standard 
deviation for the porcine bone samples was between 5.8 and 23.1, and 6.7 and 14.2 for 
the human bone samples). Examples of indentations are shown in figures 4c and 4d. 
4.3.1 Summary of Data showing Changes in HV over Time during Soft Tissue Putrefaction  
Table 4.5(a) Experimental Porcine Bone Samples 
Hardness Tangential HV (n=30) Longitudinal HV (n=30)  Longitudinal HV – 
Tangential HV 
Longitudinal to Tangential 
HV Ratio 
Deposition Surface Burial Surface Burial Surface 
Difference 
Burial 
Difference 
Surface Burial 
CCDD  
0 19(+/-SEM) 19(+/-
SEM) 
46(+/-
SEM) 
46(+/-SEM) 27(+/-SEM) 27(+/-SEM) 
2.42 2.42 
250 31(+/-SEM) 26(+/-
SEM) 
40(+/-
SEM) 
36(+/-SEM) 9(+/-SEM) 10(+/-SEM) 
1.29 1.38 
551 50(+/-SEM) 32(+/-
SEM) 
43(+/-
SEM) 
40(+/-SEM) -7(+/-SEM) 8(+/-SEM) 
0.86 1.25 
879 35(+/-SEM) 28(+/-
SEM) 
28(+/-
SEM) 
33(+/-SEM) -7(+/-SEM) 5(+/-SEM) 
0.80 1.18 
1219 31(+/-SEM) 31(+/-
SEM) 
38(+/-
SEM) 
39(+/-SEM) 7(+/-SEM) 8(+/-SEM) 
1.22 1.25 
1450 24(+/-SEM) 28(+/-
SEM) 
37(+/-
SEM) 
43(+/-SEM) 13(+/-SEM) 15(+/-SEM) 
1.54 1.53 
Key: CCDD = cumulative cooling degree days; HV = Vickers macrohardness measurement; (+/- SEM) = plus or minus standard error of mean 
Table 4.5(b) Human Bone Comparative Samples (n indentations = 30) 
Sample Hardness Tangential   
HV  
Longitudinal  
HV  
Longitudinal minus Tangential 
HV 
Longitudinal to Tangential HV Ratio 
Human Perimortem 
(head of femur, hip 
transplant) 
27(+/-SEM) 30(+/-SEM) Difference 3(+/-SEM) Ratio 1.11 
Human Postmortem 
(femur, 100+ yrs old 
teaching skeleton) 
39(+/-SEM) 51(+/-SEM) Difference 12(+/-SEM) Ratio 1.31 
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4.3.2 Graphical Summary of HV Data 
 
Changes in axial HV over time 
 
Longitudinal HV minus tangential HV plotted against time 
 
The ratio of longitudinal HV to tangential HV plotted against time  
(Standard error is shown for all data). 
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Fig 4c: Longitudinal Vickers Macrohardness Indentation Examples  
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Fig 4d: Tangential Vickers Macrohardness Indentation Examples  
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4.3.3 Table 4.6 Inferential Statistics for HV comparing Longitudinal and Tangential HV; Deposition 
Scenarios; and Porcine Start and Endpoint samples against Human Comparatives 
HV Raw Data (Indentation Diagonal Measurement, <1mm) 
Comparative Parameter (n = 30) 
Levene’s Test: H0: Normal 
Data Distribution, reject if 
p < 0.05. Accept or reject 
H0? 
Mann-
Whitney 
p-Value 
H0 Null Hypothesis: No 
difference in diagonal 
measurement. Bonferroni 
corrected α = 0.02 Accept or 
reject H0? 
T0 Tangential v T28 Tangential Surface Deposition p = 0.20 accept H0. 0.00 Reject H0. 
T28 Tangential v T56 Tangential Surface Deposition p = 0.70 accept H0. 0.00 Reject H0. 
T56 Tangential v T84 Tangential Surface Deposition p = 0.07 accept H0. 0.00 Reject H0. 
T84 Tangential v T112 Tangential Surface Deposition p = 0.28 accept H0. 0.23 Accept H0. 
T112 Tangential v T140 Tangential Surface Deposition p = 0.83, accept H0. 0.02 Accept H0. 
T0 Tangential v T28 Tangential Burial Deposition p = 0.09, accept H0. 0.02 Accept H0. 
T28 Tangential v T56 Tangential Burial Deposition p = 0.47, accept H0. 0.05 Accept H0. 
T56 Tangential v T84 Tangential Burial Deposition p = 0.55, accept H0. 0.23 Accept H0. 
T84 Tangential v T112 Tangential Burial Deposition p = 0.13, accept H0. 0.70 Accept H0. 
T112 Tangential v T140 Tangential Burial Deposition p = 0.41, accept H0. 0.02 Accept H0. 
T0 Tangential Surface v T0 Tangential Burial (Pre)Deposition p = 1.00, accept H0. 1.00 Accept H0. 
T28 Tangential Surface v T28 Tangential Burial Deposition p = 0.84, accept H0. 0.18 Accept H0. 
T56 Tangential Surface v T56 Tangential Burial Deposition p = 0.57, accept H0. 0.00 Reject H0. 
T84 Tangential Surface v T84 Tangential Burial Deposition p = 0.11, accept H0. 0.07 Accept H0. 
T112 Tangential Surface v T112 Tangential Burial Deposition p = 0.31, accept H0. 0.71 Accept H0. 
T140 Tangential Surface v T140 Tangential Burial Deposition p = 0.60, accept H0. 0.72 Accept H0. 
T0 Longitudinal v T28 Longitudinal Surface Deposition p = 0.00, reject H0. 0.06 Accept H0. 
T28 Longitudinal v T56 Longitudinal Surface Deposition p = 0.15, accept H0. 0.11 Accept H0. 
T56 Longitudinal v T84 Longitudinal Surface Deposition p = 0.47, accept H0. 0.00 Reject H0. 
T84 Longitudinal v T112 Longitudinal Surface Deposition p = 0.66, accept H0. 0.00 Reject H0. 
T112 Longitudinal v T140 Longitudinal Surface Deposition p = 0.11, accept H0. 0.72 Accept H0. 
T0 Longitudinal v T28 Longitudinal Burial Deposition p = 0.04, reject H0. 0.01 Reject H0. 
T28 Longitudinal v T56 Longitudinal e Burial Deposition p = 0.84, accept H0. 0.25 Accept H0. 
T56 Longitudinal v T84 Longitudinal Burial Deposition p = 0.36, accept H0. 0.05 Accept H0. 
T84 Longitudinal v T112 Longitudinal Burial Deposition p = 0.37, accept H0. 0.01 Reject H0. 
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T112 Longitudinal v T140 Longitudinal Burial Deposition p = 0.86, accept H0. 0.63 Accept H0. 
T0 Longitudinal Surface v T0 Longitudinal Burial (Pre)Deposition p = 1.00, accept H0. 1.00 Accept H0. 
T28 Longitudinal Surface v T28 Longitudinal Burial Deposition p = 0.22, accept H0. 0.19 Accept H0. 
T56 Longitudinal Surface v T56 Longitudinal Burial Deposition p = 0.79, accept H0. 0.16 Accept H0. 
T84 Longitudinal Surface v T84 Longitudinal Burial Deposition p = 0.25, accept H0. 0.07 Accept H0. 
T112 Longitudinal Surface v T112 Longitudinal Burial Deposition p = 0.81, accept H0. 0.27 Accept H0. 
T140 Longitudinal Surface v T140 Longitudinal Burial Deposition p = 0.04, reject H0. 0.45 Accept H0. 
T0 Tangential v T0 Longitudinal Surface (Pre)Deposition p = 0.39, accept H0. 0.00 Reject H0. 
T28 Tangential v T28 Longitudinal Surface Deposition p = 0.03, reject H0. 0.00 Reject H0. 
T56 Tangential v T56 Longitudinal Surface Deposition p = 0.18, accept H0. 0.16 Accept H0. 
T84 Tangential v T84 Longitudinal Surface Deposition p = 0.83, accept H0. 0.00 Reject H0. 
T112 Tangential v T112 Longitudinal Surface Deposition p = 0.30, accept H0. 0.06 Accept H0. 
T140 Tangential v T140 Longitudinal Surface Deposition p = 0.86, accept H0. 0.00 Reject H0. 
T0 Tangential v T0 Longitudinal Burial (Pre)Deposition p = 0.39, accept H0. 0.00 Reject H0. 
T28 Tangential v T28 Longitudinal Burial Deposition p = 0.17, accept H0. 0.00 Reject H0. 
T56 Tangential v T56 Longitudinal Burial Deposition p = 0.36, accept H0. 0.05 Accept H0. 
T84 Tangential v T84 Longitudinal Burial Deposition p = 0.41, accept H0. 0.40 Accept H0. 
T112 Tangential v T112 Longitudinal Burial Deposition p = 0.90, accept H0. 0.00 Reject H0. 
T140 Tangential v T140 Longitudinal Burial Deposition p = 0.17, accept H0. 0.00 Reject H0. 
Human ‘Perimortem’ Tangential v Human ‘Perimortem’ Longitudinal p = 0.62, accept H0. 0.31 Accept H0. 
Human Postmortem Tangential v Human Postmortem Longitudinal p = 0.04, reject H0. 0.00 Reject H0. 
Human ‘Perimortem’ Tangential v Human Postmortem Tangential p = 0.03, reject H0. 0.00 Reject H0. 
Human ‘Perimortem’ Longitudinal v Human Postmortem Longitudinal p = 0.47, accept H0. 0.00 Reject H0. 
Human ‘Perimortem’ Tangential v T0 Pre-Deposition Tangential p = 0.02, reject H0. 0.00 Reject H0. 
Human ‘Perimortem’ Longitudinal v T0 Pre-Deposition Longitudinal p = 0.03, reject H0. 0.00 Reject H0. 
Human Postmortem Tangential v T140 Tangential Burial Deposition  p = 0.01, reject H0. 0.00 Reject H0. 
Human Postmortem Longitudinal v T140 Longitudinal Burial 
Deposition 
p = 0.51, accept H0. 0.49 Accept H0. 
Days Deposition T0 T28 T56 T84 T112 T140 
CCDD 0 250  551 879 1219 1450 
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4.3.4 Changes in Vickers Hardness (HV): Interpretation of Results 
The tangential Vickers hardness (HV) (from indented longitudinal bone sections) of the 
experimental porcine bone samples studied, in both the surface and burial deposition 
scenarios, increased from an initial 19 to respective peaks of 50 and 32 (+/- standard error 
of mean) at 550 cumulative cooling degree days (CCDD) before a net decrease to an 
average HV of 26 (+/- standard error of mean) at CCDD. Longitudinal HV (from 
indented transverse bone sections) in both deposition scenarios shows a net decrease from 
46 (+/- standard error of mean) to an average of 30.5 (+/- standard error of mean) at 879 
CCDD before increasing again to an average HV of 40 (+/- standard error of mean) at 
1450 CCDD. In terms of statistically significant differences, the raw data shows 
predominately significant differences in diagonal measurement of HV indentations in the 
experimental porcine bone samples (i.e. between successive 28 day intervals) until 
between 879 and 1450 CCDD in tangential measurements in the surface deposition 
scenario, and none discernible in the burial deposition scenario. Longitudinal HV 
indentation measurements in the porcine experimental bone samples showed no 
significant difference until 879 CCDD in the surface deposition scenario, but did from 
outset in the burial deposition scenario until between 1219 and 1450 CCDD, although 
this was not consistent between each sequential 28 day period. There was minimal 
significant difference in HV between deposition scenarios. The difference between 
tangential and longitudinal HV for both deposition scenarios initially dropped, and then 
increased during the latter stages of soft tissue putrefaction. A difference of -7 to +8 was 
thus associated with 250 to 1450 cumulative cooling degree days’ decomposition. The 
ratio of longitudinal HV to tangential HV, ranging from 2.42 to 1.54, was a more reliable 
indicator in this context and is preferable to using negative integers (see section 4.3.2 and 
figures 4c and 4d, above). This change in ratio appeared consistent for both surface and 
shallow burial deposition scenarios. The anisotropic changes in HV, as evidenced by the 
thermogravimetric study, appear to be linked to dehydration of the bone.  
The human bone reference samples showed comparable differences in tangential and 
longitudinal HV in both the postmortem sample and the analogous perimortem sample. In 
terms of HV, cortical bone from the human perimortem analogue (head of femur 
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discarded from hip transplant) was similar in the tangential and longitudinal planes at 27 
and 30 (+/- standard error of mean) respectively. Conversely the human postmortem 
sample (male femur from anatomical teaching skeleton) showed a greater difference in 
HV between 39 (+/- standard error of mean) for the tangential plane and 51 (+/- standard 
error of mean) for the longitudinal plane. For the purposes of this experiment the human 
perimortem analogue equates to 0 cumulative cooling degree days decomposition, and 
the postmortem sample equates to 1450+ cumulative degree days decomposition. 
Saliently, there was no significant difference apparent in the raw data (HV indentation 
measurements) between tangential and longitudinal planes for the human perimortem 
analogue bone samples, but there was for the human postmortem bone samples. There 
were significant differences in the raw data between tangential and longitudinal between 
the human samples (perimortem analogue and postmortem) and their nearest 
experimental porcine comparatives (0 CCDD pre-deposition and 1450 CCDD burial 
deposition), apart from that between human postmortem longitudinal HV and 
longitudinal HV for the porcine sample buried for 1450 CCDD (section 4.3.3). The 
human bone reference samples therefore showed differences in tangential and 
longitudinal HV in both the postmortem sample and the analogous perimortem sample. 
See section 4.3.2 and figures 4c and 4d, above).  
4.4 Thermogravimetric Analysis of Bone during Soft Tissue Putrefaction: Changes 
in Hydration and Collagen Levels 
Temperature readings were again sourced from the Ebbw Vale weather station via 
http://www.degreedays.net/ : IWALESEB2: Ebbw Vale, Ebbw Vale, Wales (3.22W, 
51.80N) (1mi/2km) within 3.5 miles of the experimental site, and recorded as cumulative 
cooling degree days. The thermogravimetric data, reduction in mass (mg) versus 
temperature increase over time (22°C to 800°C at an incremental rate of 10°C min-1) for 
the experimental porcine samples (burial and surface deposition scenarios) and the 
comparative human bone samples are expressed graphically (descriptive statistics: see 
sections 4.4.3.1 and 4.4.3.2). Thermal decomposition mass loss in the ranges of 22˚C to 
100˚C (suspected free water desorption), 100˚C to 220˚C (suspected bound water 
desorption), and 220˚C to 650˚C (thermal decomposition of collagen and other organic 
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matrix components) are then summarised according to cumulative degree days 
decomposition for surface and burial scenarios for experimental porcine bone samples. 
The same measurements were recorded for the comparative human bone samples. To 
determine if there was any interdependence between the percentages of mass lost within 
the temperature ranges specified, principle component analyses (PCA) was considered. 
PCA is a multivariate statistical technique that analyses a data table in which observations 
are described by several inter-correlated quantitative dependent variables. It extracts 
information from the table, representing it as a set of new orthogonal variables called 
principal components, and displays the pattern of similarity of the observations and of the 
variables as mapped points (Abdi and Williams, 2010). Cluster analysis was however 
deemed more suitable. Cluster analysis is the partitioning of data into meaningful 
subgroups, when the number of potential subgroups and other information about their 
composition may be unknown (Fraley and Raftery, 1998). As outlined by Fraley and 
Raftery, hierarchical methods proceed by stages producing a sequence of partitions, each 
corresponding to a different number of clusters (Ibid). They can be either 
‘agglomerative’, meaning that groups are merged, or ‘divisive’, in which one or more 
groups are split at each stage. At each stage of hierarchical clustering, the splitting or 
merging is chosen so as to optimise some criterion (Ibid).  
To interpret the results of this experiment, the K-nearest neighbours’ classification 
algorithm was chosen as this agglomerative hierarchical clustering method determines the 
classification of a point combines the classification of the K nearest points and classifies 
any point based on the known classification of other points (Ibid). Clustering of data 
points (representing discrete bone samples) then indicates any interdependence between 
such classifications according to classification likelihood. NCSS software™ was used to 
conduct the fuzzy cluster analysis of (interval) variables. Fuzzy clustering was chosen as 
opposed to hard clustering due to the continuity of the parameters (Klawonn and 
Hoppner, 2003). The fuzzifier m, which controls the degree of cluster overlap, was set at 
2 to minimise data noise (Ibid). Seven clusters were set as the possible maximum to 
account for the following dependent variables: freeze dried vs. untreated; surface vs. 
burial deposition scenario; time of deposition (T0-T140 days); and human perimortem vs. 
human postmortem. These were analysed against the independent variables, the 
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percentage mass lost over three specific temperature ranges: 22˚C to 100˚C; 100˚C to 
220˚C (both due to likely water desorption); and 220˚C to 650˚C (due to the thermal 
decomposition of collagen and other proteins). This yielded a 78 point data matrix 
(3x26). The minimum number of clusters was set to two, which would account for any 
two of the dependent variables having an effect on interdependence. The Manhattan 
distancing method was utilised alongside the standard deviation scaling method as the 
data being measured was non-linear (Faith et al, 1987). See section 4.4.4 for the cluster 
analysis report and associated graph (figure 4e). The loss of mass against temperature 
over time for each sample parameter is illustrated in sections 4.4.1 and 4.4.2 and 
summarised in table 4.7.  
4.4.1 Experimental Porcine Bone Samples: Loss of Mass against Temperature over Time 
 
T0 Pre-deposition: 0 cumulative cooling degree days (CCDD) 
 
T84 Surface and burial deposition: 879 CCDD 
 
T28 Surface and burial deposition: 250 CCDD 
 
T112 Surface and burial deposition: 1219 CCDD 
NB: Due to the large number of data points generated (in the order of 4.5 x 103) for the experimental porcine bone samples, they 
cannot be discretely depicted on the graphs presented, and error bars depicting standard error would not be discernible. 
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T56 Surface and burial deposition: 551 CCDD 
 
 
T140 Surface and burial deposition: 1450 CCDD 
4.4.2 Comparative Human Bone Samples: Loss of Mass against Temperature over Time 
 
Human perimortem analogue: head of femur which was donated from hip replacement subject. 
 
Human postmortem sample: sourced from the femoral diaphysis of a 100+ years old anatomical teaching 
skeleton. 
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Table 4.7: Summary of Bone Mass Lost According To Temperature Range during TGA 
Temperature Water Desorption 22˚C to 100˚C Water Desorption 100˚C to 220˚C Thermal Decomp. Collagen and other 
Proteins 220˚C to 650˚C 
Parameter: T time in days; 
FD Freeze Dried 
Mass Lost Mg % Mass Lost Mass Lost Mg % Mass Lost Mass Lost Mg % Mass Lost 
T0  2.31 16.53 0.68 4.86 3.94 28.20 
T0 FD 2.08 11.44 0.86 4.73 5.00 27.52 
T28 Burial FD 0.98 6.55 0.62 4.14 4.27 28.54 
T28 Burial 2.32 14.81 0.08 0.5 5.29 33.78 
T28 Surface FD 1.04 5.36 1.4 7.22 8.71 44.96 
T28 Surface 2.84 16.74 0.69 4.06 4.39 25.88 
T56 Burial FD 2.33 13.77 0.83 5.12 4.73 29.21 
T56 Burial 3.67 23.22 0.66 4.17 3.86 24.43 
T56 Surface FD 1.73 9.81 0.87 4.94 5.46 31.02 
T56 Surface 1.93 12.70 0.89 5.85 3.34 21.98 
T84 Burial FD 1.24 6.93 1.09 6.09 4.81 26.88 
T84 Burial 1.54 9.75 0.91 5.76 3.63 22.98 
T84 Surface FD 1.26 7.66 0.74 4.50 4.98 30.29 
T84 Surface 1.72 10.51 0.90 5.50 3.31 20.23 
T112 Burial FD 1.67 10.42 0.80 4.99 5.98 37.32 
T112 Burial 1.9 11.68 0.91 5.59 3.79 23.30 
T112 Surface FD 1.22 7.59 0.65 4.04 3.99 24.82 
T112 Surface 2.26 15.50 0.45 3.08 3.37 23.11 
T140 Burial FD 1.76 11.36 0.63 4.06 4.29 27.69 
T140 Burial 2.88 15.91 0.74 4.08 4.49 24.80 
T140 Surface FD 1.66 10.57 0.55 3.50 3.06 19.49 
T140 Surface 2.02 12.60 0.70 4.29 3.70 23.08 
Human Peri FD 0.95 5.55 0.87 5.09 5.16 30.19 
Human Peri 1.33 8.48 0.82 5.23 5.15 32.86 
Human Post FD 1.39 7.97 1.07 6.13 4.17 23.91 
Human Post 1.58 10.08 0.71 4.53 4.08 26.03 
Days Deposition T0 T28 T56 T84 T112 T140 
Cumulative CDD 0 250  551 879 1219 1450 
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Figure 4d: Percentage of total mass lost during thermal 
decomposition 22 to 650ºC 
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4.4.3.1 Thermogravimetric Comparison of Freeze Dried Porcine Bone to Elapsed 
Cumulative Cooling Degree Days’ Decomposition (Standard Error Shown) 
 
Percentage of total mass lost due to water desorption during decomposition (soft tissue 
putrfaction period): freeze dried porcine bone (+/- standard error of mean is applicable to 
all quanta, as indicated by error bars). 
 
Percentage of total mass lost due to collagen thermal decomposition during 
decomposition (soft tissue putrfaction period): freeze dried porcine bone (+/- standard 
error of mean is applicable to all quanta, as indicated by error bars). 
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4.4.3.2 Thermogravimetric Comparison of Untreated Porcine Bone to Elapsed 
Cumulative Cooling Degree Days’ Decomposition (Standard Error Shown) 
 
Percentage of total mass lost due to water desorption during decomposition (soft tissue 
putrfaction period): untreated porcine bone (+/- standard error of mean is applicable to all 
quanta, as indicated by error bars). 
 
Percentage of total mass lost due to collagen thermal decomposition during 
decomposition (soft tissue putrfaction period): untreated porcine bone (+/- standard error 
of mean is applicable to all quanta, as indicated by error bars). 
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4.4.4 Cluster Analysis of TGA Results: NCSS Report for the Maximum of 7 Clusters (Refer 
to p. 195 above for sample key).  
NCSS 11.0.11 03/08/2017 18:39:17      11 
 
Fuzzy Clustering Report 
 
Dataset C:\...\TGA cluster analysis\TGA NCSS trial 1.NCSS 
Variables X__mass_lost_22_100_C, X__mass_lost_100_220_C, mass_lost_220_650_C 
Distance Type Manhattan 
Scale Type Standard Deviation 
 
Membership Summary Section for Clusters = 7 
   Sum of Bar of 
  Cluster Squared Squared Silhouette
 Silhouette 
Row Cluster Membership Memberships Memberships Amount
 Bar 
4 T28B 1 0.9876 0.9754 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
8 T56B 2 0.9511 0.9050 |IIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
16 T112B 3 0.5339 0.3294 |IIIIIIIIII -1.0000 | 
12 T84B 3 0.5308 0.3287 |IIIIIIIIII -1.0000 | 
10 T56S 3 0.4285 0.2461 |IIIIIII -1.0000 | 
14 T84S 3 0.4081 0.2375 |IIIIIII -1.0000 | 
25 Hpost FD 3 0.2949 0.1931 |IIIIII -1.0000 | 
21 T140SFD 3 0.1838 0.1564 |IIIII -1.0000 | 
20 T140B 5 0.7105 0.5198 |IIIIIIIIIIIIIIII -1.0000 | 
6 T28S 5 0.6026 0.3916 |IIIIIIIIIIII -1.0000 | 
18 T112S 5 0.3141 0.1786 |IIIII -1.0000 | 
2 T0FD 5 0.2664 0.1688 |IIIII -1.0000 | 
22 T140S 5 0.2213 0.1669 |IIIII -1.0000 | 
23 Hperi FD 6 0.3237 0.2128 |IIIIII -1.0000 | 
13 T84SFD 6 0.3236 0.2234 |IIIIIII -1.0000 | 
24 Hperi 6 0.3213 0.2101 |IIIIII -1.0000 | 
9 T56SFD 6 0.3162 0.2204 |IIIIIII -1.0000 | 
3 T28BFD 6 0.2485 0.1950 |IIIIII -1.0000 | 
15 T112BFD 6 0.2404 0.1752 |IIIII -1.0000 | 
11 T84BFD 6 0.2221 0.1840 |IIIIII -1.0000 | 
5 T28SFD 6 0.2014 0.1554 |IIIII -1.0000 | 
1 T0 7 0.2650 0.1979 |IIIIII -1.0000 | 
26 Hpost 7 0.2634 0.1972 |IIIIII -1.0000 | 
19 T140BFD 7 0.2386 0.1804 |IIIII -1.0000 | 
17 T112SFD 7 0.2270 0.1762 |IIIII -1.0000 | 
7 T56BFD 7 0.2085 0.1681 |IIIII -1.0000 | 
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Figure 4e: Cluster Analysis of TGA Results: 3D Scatter Plot Generated from the NCSS Report 
for the Maximum of 7 Clusters (Refer to p. 195 above for sample key). 
 
4.4.5 Thermogravimetric Analysis of Bone during Soft Tissue Putrefaction: Changes 
in Hydration and Collagen Levels: Interpretation of Results 
Porcine bone decomposed in a shallow burial showed an approximate difference in 
average mass loss of 10 +/- 4% when heated between 22 and 100˚C, compared to 8.75 +/- 
3% for porcine bone decomposed in a surface deposition, after being subjected to freeze 
drying. Porcine bone decomposed in a shallow burial showed an approximate difference 
in average mass loss of 15 +/- 8% when heated between 22 and 100˚C, compared to 14 
+/- 3% for porcine bone decomposed in a surface deposition. The range of difference was 
within 11% mass lost for all parameters. (It was within 2% for the human perimortem 
analogue and postmortem comparatives). Percentage mass lost shows peaks at 0, 250-
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500, and 1200-1500 cumulative degree days’ (decomposition) for both deposition 
scenarios. For previous experimental porcine bone samples, a ratio of transverse planar 
HV to longitudinal planar HV of between 1.29 to 2.42 with soft tissue present and signs 
of minimal decomposition was associated with a decomposition period of 250 cumulative 
cooling degree days or less, whereas a ratio 1.22 to 1.54 associated with marked 
decomposition indicated a decomposition period of 1450 cumulative cooling degrees or 
more. This is consistent with the peaks of water loss between 22 and 100 ˚C noted during 
thermogravimetric analysis of the current samples. Porcine bone decomposed in a 
shallow burial showed an approximate difference in average mass loss of 4.46 with a 
confidence interval of +/- 0.5% when heated between 100 and 220˚C, compared to 4.9 
with a confidence interval of +/- 2% for porcine bone decomposed in a surface 
deposition, after being subjected to freeze drying. See sections 4.4.1 to 4.4.3, table 4.6, 
and figure 4d, above.   
Porcine bone decomposed in a shallow burial showed an approximate variation in 
average mass loss of 3.9 +/- 3.4% when heated between 100 and 220˚C, compared to 4.5 
with a confidence interval of +/-1.3% for porcine bone decomposed in a surface 
deposition. The range of difference was within 5% mass lost for both deposition 
scenarios. Freeze drying appears to have had minimal effect on adsorbed water 
evaporated during thermogravimetric analysis in this temperature range. Percentage mass 
lost appears relatively consistent across deposition scenarios over time. Porcine bone 
decomposed in both deposition scenarios showed an average mass loss of 29.6% when 
heated between 220 and 650˚C (where thermolysis of collagen and other proteins occurs) 
after being subjected to freeze drying. Porcine bone decomposed in a shallow burial 
showed an average mass loss of 26.25% when heated between 220 and 650˚C, and 
23.74% for porcine bone decomposed in a surface deposition. The range of difference 
was within 6% mass lost for both deposition scenarios. A downward trend in % mass lost 
was apparent over time but it was inconsistent compared with mass lost due to water 
evaporation. See sections 4.4.1 to 4.4.3, table 4.6, and figure 4d, above.   
A hierarchical, supervised, nearest-neighbour fuzzy cluster analysis as outlined above on 
p.191-192 was utilised to determine if the percentage mass lost from the bone samples 
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within the specified temperature ranges showed any interdependence with the periodicity 
of soft tissue putrefaction, deposition scenario, the use or omission of freeze drying, and 
the human comparative samples shared any commonality with the experimental porcine 
bone samples in these respects. In a fuzzy cluster analysis, every object belongs to every 
cluster with a membership weight between 0 (does not belong) and 1 (absolutely 
belongs); the clusters are treated as fuzzy sets (University of Minnesota, 2017). The 
NCSS™ software utilised for this statistical test also computed the probability with 
which each point must belong to each cluster, the sum of which must equal 1 (Ibid). As 
will be demonstrated, fuzzy (probabilistic) clustering can be interpreted as exclusive 
clustering by assigning each object to the cluster in which its membership weight or 
probability is highest (Ibid).  
With the maximum number of potential clusters set to four, four distinct clusters of bone 
samples became apparent. This remained consistent for when the maximum number of 
potential clusters was set to five, six and seven. With the maximum number of potential 
clusters set to seven, accounting for each experimental parameter (see p.191-192 above) 
four distinct clusters (according to ascribed weighting) with two outliers became apparent 
(see section 4.4.4 on p.196 and figure 4e, above). The first cluster was occupied by the 
T28 (250 CCDD) porcine bone sample from the burial deposition scenario, and the 
second cluster was occupied by the T56 (551 CCDD) sample from the same scenario. 
These constituted the two outliers (see figure 4e). The third discernible cluster was 
occupied primarily by porcine bone samples from the latter part of the soft tissue 
putrefaction period ranging from 551 to 1450 CCDD from both deposition scenarios 
(labelled cluster 3 in the seven cluster report – see section 4.4.4). Two of the freeze dried 
samples, including the human postmortem sample were included. The following cluster 
(labelled cluster 5 in the same report) contained primarily surface deposition samples 
ranging in decomposition periodicity from 250 CCDD to 1450 CCDD, the freeze dried 
T0 sample, and the 1450 CCDD buried porcine bone sample. The next cluster (labelled 
cluster 6) contained predominately freeze dried bone samples with one exception, the 
human perimortem sample (head of femur donated from a hip transplant). The final 
cluster (labelled cluster 7) contained the T0 (untreated perimortem analogue) porcine 
bone sample, the untreated human postmortem bone sample (from the femur of a 100+ 
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year old teaching skeleton) and three freeze dried porcine bone samples ranging in 
decomposition periodicity from 551 to 1450 CCDD from both deposition scenarios (see 
section 4.4.4 and figure 4e).  
With regards to the positioning of clusters relative to axes in a fuzzy cluster analysis such 
as this, the mean vector is coincident with the axis along which the sum of the squared 
projections of the vectors is at maximum because the mean of a group of unit vectors is 
the eigenvector corresponding to the maximum eigenvalue (Hammah and Curran, 2000). 
For this experiment, this means that the position of any cluster along a particular axis is 
indicative of the influence of the parameter to which that axis refers. Referring to figure 
4e, it can be seen that clustering of points identifying bone samples predominates 
between the axes pertaining to the two temperature ranges where water is desorbed. The 
results thus suggest that water content changes as decomposition progresses as samples 
from the earlier (0-551 CCDD) part and latter part (551 CCDD+) of the soft tissue 
putrefaction period tended to be in the same clusters, albeit with some outliers such as the 
T0 sample in the final cluster (Tomassetti et al, 2013). There may be variation in water 
content within samples from different locations in one bone, between bones, and between 
animals. These are factors that would need to be addressed in any unscaled version of this 
experiment. As was to be expected, freeze drying appears to have had a demonstrable 
effect on the water content of the bone. There did not appear to be any consistent 
clustering according to deposition scenario.  
Pearson tests of potential linear correlation between each of the temperature parameters 
utilised in this experiment were conducted at 95% confidence (Puth et al, 2014). The 
results suggested some limited negative correlation between the amount of water 
desorbed between 22-100˚C and that desorbed between 100-220˚C (Pearson correlation -
0.44, p = 0.03, see fig. 4f1). No significant correlation was demonstrated between the 
amount of water desorbed between 22-100˚C and the thermal decomposition of collagen 
between 220-650˚C (Pearson correlation -0.32, p = 0.18, see fig. 4f2). Some positive 
correlation was evident between water desorbed between 100-220˚C and the thermal 
decomposition of collagen (Pearson correlation 0.13, p = 0.52, see fig. 4f3).  
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Figure 4 F1: 
Pearson’s correlation 
between exprimental 
porcine bone samples 
subjected to 22-
100˚C and 100-220˚C 
temperature ranges. 
 
Figure 4 F2: 
Pearson’s correlation 
between exprimental 
porcine bone samples 
subjected to 100-
220˚C and 220-650˚C 
temperature ranges. 
 
Figure 4 F3: 
Pearson’s correlation 
between exprimental 
porcine bone samples 
subjected to 100-
220˚C and 220-650˚C 
temperature ranges. 
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4.5 Analysing Changes in Elemental Profiles of Bone during Soft Tissue Putrefaction by 
Inductively Coupled Plasma Optical Emission Optical Spectroscopy – ICP-OES   
The ICP-OES results are shown below in Table 4.8(a) for bone sample masses not 
exceeding 100mg. The ICP-OES results are shown below in Table 4.8(b) for bone sample 
masses not exceeding 500mg. 
4.5.1 Summary of Data Table 4.8(a) 
Sample Cumulative 
Cooling Degree 
Days 
%age Elemental Concentration derived from mg/Kg 
B Ca Fe K Mg Na Zn P 
Surface Deposition    
T0 0 0.001 19.795 0.048 0.179 0.365 0.457 0.009 9.050 
T28 250 0.000 13.997 0.005 0.243 0.231 0.349 0.009 6.526 
T56 551 0.000 21.258 0.003 0.105 0.381 0.349 0.015 10.106 
T84 879 0.000 18.218 0.004 0.055 0.318 0.258 0.013 8.201 
T112 1219 0.000 22.885 0.002 0.055 0.411 0.378 0.012 10.574 
T140 1450 0.000 22.822 0.002 0.047 0.363 0.307 0.010 10.266 
Burial Deposition    
T0 0 0.001 19.795 0.048 0.179 0.365 0.457 0.009 9.050 
T28 250 0.000 17.408 0.024 0.104 0.329 0.359 0.011 7.952 
T56 551 0.000 22.103 0.004 0.082 0.352 0.389 0.010 9.977 
T84 879 0.000 23.313 0.000 0.020 0.358 0.357 0.010 10.279 
T112 1219 0.000 17.416 0.008 0.091 0.358 0.225 0.011 8.050 
T140 1450 0.000 20.786 0.003 0.080 0.381 0.291 0.011 9.593 
Human Comparatives    
H Peri 0 0.000 18.959 0.007 0.058 0.237 0.573 0.010 8.325 
H Post 100 Years + 0.000 22.991 0.001 0.021 0.271 0.478 0.006 10.146 
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Summary of Data Table 4.8(b) 
Sample Cumulative 
Cooling 
Degree 
Days 
Percentage Elemental Concentration 
B Ca Fe K Mg Na Zn P 
Surface Deposition    
T0 0 0.0008 21.9473 0.0207 0.1882 0.3494 0.4322 0.0069 9.6606 
T28 250 0.0001 12.9578 0.0408 0.1555 0.2109 0.2672 0.0070 5.7276 
T56 551 0.0002 22.7147 0.0036 0.0904 0.3260 0.3391 0.0085 9.6320 
T84 879 0.0002 21.4829 0.0071 0.0625 0.3607 0.2721 0.0135 9.8110 
T112 1219 0.0003 22.1429 0.0089 0.0356 0.3321 0.2328 0.0133 9.8938 
T140 1450 0.0004 20.7746 0.0108 0.0796 0.3385 0.2447 0.0119 9.2890 
Burial Deposition    
T0 0 0.0008 21.9473 0.0207 0.1882 0.3494 0.4322 0.0069 9.6606 
T28 250 0.0004 20.9371 0.0196 0.1096 0.3743 0.3373 0.0105 9.6649 
T56 551 0.0001 24.1224 0.0063 0.0846 0.3484 0.4102 0.0093 10.2653 
T84 879 0.0003 21.9627 0.0088 0.0195 0.3218 0.3083 0.0077 9.7364 
T112 1219 0.0001 15.7029 0.0063 0.0607 0.2768 0.1887 0.0072 6.8154 
T140 1450 0.0000 21.0055 0.0079 0.0779 0.3513 0.2815 0.0087 8.7525 
Human Comparatives    
H Peri 0 0.0002 12.3833 0.0152 0.1177 0.1450 0.6219 0.0074 5.1887 
H Post 100 Years + 0.0013 25.5364 0.0050 0.0222 0.2634 0.4947 0.0056 10.4502 
 
4.5.2 Elemental Profiles 
Percentage Elemental Concentrations of elements during porcine soft tissue putrefaction for bone 
samples up to 100mg (left) and 500mg (right) obtained by ICP-OES; standard is error shown (+/- 
standard error of mean is applicable to all quanta, as indicated by error bars).  
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potassium (K) up to 100mg porcine bone sample 
 
 
potassium (K) up to 500mg porcine bone sample 
 
magnesium (Mg) up to 100mg porcine bone sample 
 
magnesium (Mg) up to 500mg porcine bone sample 
 
sodium (Na) up to 100mg porcine bone sample 
 
sodium (Na) up to 500mg porcine bone sample 
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zinc (Zn) up to 100mg porcine bone sample 
 
zinc (Zn) up to 500mg porcine bone sample 
 
 
phosphorous (P) up to 100mg porcine bone sample 
 
 
phosphorous (P) up to 500mg porcine bone sample 
 
Expressing the data as percentage elemental concentration by mass relative to the original 
T0 (fresh) bone sample, taking that sample as a point of reference at 100% was 
considered. In practice, natural variation in elemental concentrations between samples, 
especially in the case of those shown to remain relatively stable in bone during soft tissue 
putrefaction, such as calcium, appeared to introduce artefacts that could be (possibly 
erroneously) interpreted as exogenous ingress of elements from the deposition 
environment. To address this point, bones could be taken from the deposition 
environment, sampled, and returned to it, over the same soft tissue putrefaction period. 
This could be considered as further work to provide a point of comparison. However it 
should be noted that each subsequent sample taken in such a method could provide a 
0.006
0.008
0.01
0.012
0.014
0.016
0 500 1000 1500
%
ag
e
 E
le
m
e
n
ta
l C
o
n
c.
 b
y 
M
as
s
Cumulative Cooling Degree Days
Surface
Deposition
Burial
Deposition
0.006
0.008
0.01
0.012
0.014
0.016
0 500 1000 1500
%
ag
e
 E
le
m
e
n
ta
l C
o
n
c.
 b
y 
M
as
s
Cumulative Cooling Degree Days
Surface
Deposition
Burial
Deposition
5
6
7
8
9
10
11
0 500 1000 1500%
ag
e
 E
le
m
e
n
ta
l C
o
n
c.
 b
y 
M
as
s
Cumulative Cooling Degree Days
Surface
Deposition
Burial
Deposition
5
6
7
8
9
10
11
0 500 1000 1500%
ag
e
 E
le
m
e
n
ta
l C
o
n
c.
 b
y 
M
as
s
Cumulative Cooling Degree Days
Surface
Deposition
Burial
Deposition
PhD Forensic Anthropology and Osteology: Progressive Changes in the Properties of Bone During Soft Tissue Decomposition 
209 
 
point of environmental ingress and/or point of structural incohesion in the bone which 
may again introduce data artefacts, by modifying the decomposition process.  
4.5.3 Statistical Analysis and Interpretation of ICP-OES Results 
The percentage elemental concentration profiles obtained by ICP-OES above constitute 
ordinal data that cannot be assumed to be normally distributed, so a non-parametric test 
of variance was appropriate to test for this between surface and burial deposition 
scenarios, and between sequential 28 day intervals. The Mann-Whitney U test was used. 
The null hypothesis used here is that the samples come from populations such that the 
probability that a random observation from one group is greater than a random 
observation from another group is 0.5, i.e. 95% confidence. The Mann-Whitney U test 
starts by substituting the rank in the overall data set for each measurement value. The 
smallest value is ranked 1, etc. The sum of the ranks is calculated for each group, then the 
test statistic, U, is calculated. U represents the variance of the ranks among groups, and is 
approximately chi-square distributed, meaning that the probability of getting a particular 
value of U by chance, if the null hypothesis is true, is the p value corresponding to a chi-
square equal to U. The degrees of freedom are the number of groups minus 1, which is 1 
in the case of the data analysed here. As results for discriminating bone samples up to 
100mg, and up to 500mg were relatively consistent, they were combined for the purposes 
of statistical analyses (see tables 4.9 and 4.10). A Bonferroni corrected α = 0.025 rounded 
to 0.3 was applied. (http://udel.edu/~mcdonald/statkruskalwallis.html, 2013).  
Table 4.9: Summary of ICP-OES Statistical Data 
Mann-Whitney U Test p-value Accept or Reject H0 (no difference)? 
Surface Vs Burial Deposition (up to 100mg) 0.98 Accept H0. 
Surface Vs Burial Deposition (up to 500mg) 0.98 Accept H0. 
T0 Vs T28 Days’ Decomposition 0.44 Accept H0. 
T28 Vs T56 Days’ Decomposition 0.05 Accept H0. 
T56 Vs T84 Days’ Decomposition 0.70 Accept H0. 
T84 Vs T112 Days’ Decomposition 0.98 Accept H0. 
T112 Vs T140 Days’ Decomposition 0.92 Accept H0. 
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Descriptive statistics for elemental concentration profiles were consistent between burial 
and surface deposition scenarios, and no significant statistical difference between 
deposition scenarios was demonstrable when the Mann-Whitney U test was applied (see 
table 4.8). For all experimental porcine bone samples, and for human comparative bone 
samples, barium remained at negligible levels. Calcium fluctuated around a mean of 
20.3% for all samples. Phosphorus fluctuated around a mean of 9.1% which is a ratio of 
2.23:1 within hydroxyapatite, and was comparable with the human perimortem analogue 
and postmortem samples. For experimental porcine samples, iron peaked at 0.02 to 
0.04% from T0 to 250 cumulative cooling degree days before decreasing to 0.005 to 
0.01% at 500 cumulative cooling degree days and remaining in this range, which was 
consistent with the human comparative samples. For the experimental porcine samples, 
potassium showed a net decrease from 0.18% at T0 to 0.05 to 0.08% at 1450 cumulative 
cooling degree days which compared with 0.06 to 0.1% in the human perimortem 
analogue bone sample decreasing to 0.02% for the human postmortem bone sample 
(100+ years old). See tables 4.7.a and 4.7.b, and section 4.5.3, above. 
For all experimental porcine bone samples, the elemental concentration of magnesium 
fluctuated closely around a mean of 0.34%, compared to a mean of 0.23% in the 
comparative human bone samples. For the experimental porcine bone samples, the 
elemental concentration of sodium decreased over 1450 cumulative cooling degree days 
from 0.45% to between 0.25 to 0.3% which compared to a decrease from the order of 
0.6% in the human perimortem analogue bone sample to the order of 0.5% for the 
postmortem (100+ years old) bone sample. For the experimental porcine bone samples, 
zinc elemental concentration fluctuated closely around a mean of 0.01%. The mean for 
the comparative human bone samples was 0.07%, although a decrease of between 0.0004 
and 0.01% was apparent from the perimortem analogue to the postmortem sample. In 
terms of statistical significance (again applying the Mann-Whitney U test) between the 
elemental profiles of intervallic bone samples taken every 28 days during soft tissue 
putrefaction, there was no significant difference between sequential samples (T0 v T28, 
T28 v T56 etc.). With regards to potential forensic testing, there does not appear to be 
sufficient discrimination to determine if the bone sample was buried or deposited on the 
surface according to the experimental data obtained. Only iron after an initial increase at 
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250 cumulative cooling degree days (within 0.1%); potassium increasing towards 1500 
cumulative cooling degree days (within 0.1%); and sodium with an initial increase at 500 
cumulative cooling degree days (within 0.2%); demonstrated a net decrease in elemental 
concentration as soft tissue putrefaction progressed during the first 1000 cumulative 
cooling degree days. There were positive correlations of 0.71 between iron and potassium 
elemental concentration levels, 0.49 between iron and sodium levels, and 0.58 between 
potassium and sodium levels during soft tissue putrefaction. See table 4.9. The relative 
stability of the ratio of calcium and phosphorus levels suggested that hydroxyapatite 
Ca10(PO4)6(OH)2, the inorganic crystalline structural component of bone, constituting 
approximately 66% of total skeletal mass, remains intact during soft tissue putrefaction, 
and so does not facilitate positing of time since deposition in the forensic context (Ezzo, 
1994). Barium concentrations have forensic validity in stable isotope geographic profiling 
of skeletal remains, but the negligible levels here suggest that they would have little value 
in determining time since deposition.   
Table 4.10 Correlations between Elemental Profiles of Bone samples during Soft Tissue Putrefaction 
  
Column 
1: Fe 
Column 
2: K 
Column 
3: Na 
Column 
1: Fe 1 
  Column 
2: K 0.91 1 
 Column 
3: Na 0.63 0.46 1 
 
  
Column 
1: Fe 
Column 
2: K 
Column 
3: Na 
Column 
1: Fe 1 
  Column 
2: K 0.44 1 
 Column 
3: Na 0.77 0.50 1 
 
Correlation between Fe, K, and Na; Burial 
Deposition; Sample up to 100mg 
Correlation between Fe, K, and Na; Surface 
Deposition; Sample up to 100mg 
  
Column 
1: Fe 
Column 
2: K 
Column 
3: Na 
Column 
1: Fe 1 
  Column 
2: K 0.78 1 
 Column 
3: Na 0.52 0.63 1 
 
  
Column 
1: Fe 
Column 
2: K 
Column 
3: Na 
Column 
1: Fe 1 
  Column 
2: K 0.70 1 
 Column 
3: Na 0.06 0.71 1 
 
Correlation between Fe, K, and Na; Burial 
Deposition; Sample up to 500mg 
Correlation between Fe, K, and Na; Burial 
Deposition; Sample up to 500mg 
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4.6 Zoological Mass Spectrometry to determine any changes occurring in non-
collagenous Peptide levels in bone during soft tissue putrefaction 
4.6.1 ZooMS Mass Spectra: selected examples are shown to illustrate in Fig. 4g: Porcine 
Experimental Bone Sample Mass Spectra; Burial Deposition, Ambic Extraction 
 
T0: 0 Cumulative Cooling Degree Days 
 
T28: 250 Cumulative Cooling Degree Days 
 
T56: 551 Cumulative Cooling Degree Days 
 
T84: 879 Cumulative Cooling Degree Days 
 
T112: 1219 Cumulative Cooling Degree Days 
 
T140: 1459 Cumulative Cooling Degree Days 
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4.6.2 Example Summaries of Most Abundant Peptides: SwissProt and NCBInr Databases 
Deposition: 
Burial 
Database: 
SwissProt 
Table 4.11(a): Example Summary of Protein Data for  
Porcine Experimental Bone Samples 
Period of (Soft Tissue) Decomposition: Days; Cumulative Cooling Degree Days 
Extraction Top 5 
Proteins  
T0 
0 CCDD 
T28 
250 CCDD 
T56 
551 CCDD 
T84 
879 CCDD 
T112  
1219 CCDD 
T140 
1459 CCDD 
Ambic Protein 1 Tyrosine-
protein kinase  
Nitric oxide 
synthase 
Prolyl 
endopeptidase 
Myosin-2 Prolyl 
endopeptidase 
Myosin-7 
Protein 2 Myosin-4 V(D)J recom-
bination activating 
protein 1 
Inter-alpha-
trypsin inhibitor 
heavy chain H1 
V(D)J recomb-
ination activating 
protein 1 
Myosin-4 Flotillin-1 
Protein 3 Myosin-2 Tyrosine-protein 
kinase JAK2 
Myosin-7 Myosin-4 Tyrosine-
protein kinase 
JAK2 
Kelch-like 
protein 1 
Protein 4 Myosin-1 LIM and cysteine-
rich domains 
protein 1 
Myosin-2 
 
Myosin-1 Ca activated K 
channel protein 
3 
Myosin-2 
Protein 5 Myosin-7 von Willebrand 
factor (Fragment) 
Nitric oxide 
synthase 
Myosin-7 BRCA1-A 
complex  
Myosin-4 
Deposition: 
Surface 
Database:
NCBInr 
Period of (Soft Tissue) Decomposition: Days; Cumulative Cooling Degree Days 
Extraction Top 5 
Proteins  
T0 
0 CCDD 
T28 
250 CCDD 
T56 
551 CCDD 
T84 
879 CCDD 
T112  
1219 CCDD 
T140 
1459 CCDD 
Acid 
Extraction 
Protein 1 collagen alpha 
chain 
ankyrin repeat 
domain 
leucine-rich 
protein kinase 2 
dynein heavy 
chain 3 
clathrin heavy 
chain 1 
myosin-15, 
partial 
Protein 2 nuclear 
mitotic 
protein 
transcriptional 
regulator ATRX 
PDZ domain-
containing protein 
2 
E3 ubiquitin-
protein ligase 
UBR2 
zinc finger 
protein 40 
myosin-
XVIIIb-like 
Protein 3 myosin-9 RAD51-
associated protein  
histone-lysine N-
methyltransferase,  
centrosomal 
protein of 290 
kDa-like 
peroxidasin 
homolog 
inversin-like, 
partial 
Protein 4 golgin 
subfamily A 
member 4 
E3 ubiquitin-
protein ligase 
UBR2 
spectrin alpha 
chain, brain 
periplakin hypothetical 
protein 
LOC10051374
1 
DNA helicase 
INO80 
Protein 5 centriolin kinesin family 
member 14 
serine/threonine-
protein kinase 
mTOR 
protein Wiz 
isoform 5 
 
pre-mRNA-
processing-
splicing factor 
8, partial 
poly(A)-
specific 
ribonuclease 
PARN-like 
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 Table 4.11(b): Example Summary of Protein Data for  
Human Comparative Bone Samples 
Database: SwissProt Database: NCBInr  
Extraction Top 5 
Proteins  
Human 
Perimortem analogue  
Human Postmortem Human Perimortem 
Analogue 
Human 
Postmortem 
Ambic Protein 1 Spectrin beta chain, 
non-erythrocytic 4 
Unconventional 
myosin-IXb 
beta4sigma1 spectrin myosin IXB, isoform 
CRA_b 
Protein 2 Myosin-14 Coagulation factor 
VIII 
 
spectrin beta chain, 
non-erythrocytic 4 
isoform sigma1  
myosin IXB, isoform 
CRA_a  
Protein 3 Chromodomain-
helicase-DNA-binding 
protein 2 
Glutamate receptor 
ionotropic, NMDA 
2A 
spectrin beta IV  myosin-IXb  
Protein 4 Girdin Myosin-4 
 
non-erythrocytic beta-
spectrin 4  
unconventional 
myosin-IXb 
Protein 5 Myosin-2 Myomesin-1 beta-spectrin  MYO9B variant 
protein  
Acid 
Extraction 
Protein 1 Myomegalin CDK5 regulatory 
subunit-associated 
protein 2 
KIAA0454 protein spectrin, beta, 
erythrocytic  
Protein 2 Low-density 
lipoprotein receptor-
related protein 4 
Spectrin beta chain, 
non-erythrocytic 2 
myomegalin isoform 8  spectrin beta chain, 
erythrocytic isoform 
a  
Protein 3 Centrosome-associated 
protein CEP250 
Spectrin beta chain, 
erythrocytic 
myomegalin-like 
isoform 3  
 
spectrin, beta, 
erythrocytic 
(includes 
spherocytosis, 
clinical type I) 
variant  
 
Protein 4 Coiled-coil domain-
containing protein 168 
Exophilin-5 myomegalin-like 
isoform 4  
 
spectrin Rouen (beta-
220-218) mutant 
coding sequence 
Protein 5 Dedicator of 
cytokinesis protein 9 
Otogelin-like protein myomegalin-like 
isoform 5  
spectrin, beta, 
erythrocytic 
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4.6.3 Table 4.12: Example of Raw Data for Comparison of Molecular Mass: To 
Assess for Post Translational Modification and Loss of Same 
Extraction Parameter: Ambic Wash Deposition Scenario: Burial 
T0 
0 
CCDD 
formula T28 
250 
CCDD 
formula T56 
551 
CCDD 
formula T84 
879 
CCDD 
formula T112 
1219 
CCDD 
formula T140 
1459 
CCDD 
formula 
m/z m/z m/z m/z m/z m/z 
850.39 C36H39N27 850.41 C63H51N3 1007.53 C60H62N16 1028.56 C56H61N21 1453.77 C98H205N5 1105.59 C63H68N20 
873.46 C52H52N14 949.47 C40H48N30 1356.68 C97H185N 1110.59 C60H67N23   1261.65 C72H88N22 
949.47 C40H48N30 1048.55 C60H61N19 1479.75 C102H211N3 1213.65 C75H88N16   1342.66 C89H188N6 
1048.55 C60H61N19 1116.59 C71H81N13 1568.73 C112H222 1231.67 C72H86N20   1453.75 C98H205N5 
1079.53 C63H70N18 1135.63 C63H70N22 1643.80 C112H227N5 1253.68 C71H92N22   1459.71 C101H203N3 
1135.64 C63H70N22 1231.62 C72H86N20 1662.83 C112H232N6 1296.67 C73H97N23   1546.80 C106H216N4 
1152.74 C71H89N15 1265.82 C83H100N12 1757.88 C107H233N17 1355.70 C91H191N5   1562.79 C109H224N2 
1231.63 C72H86N20 1314.66 C79H99N19 1782.78 C109H220N18 1365.73 C79H108N22   1620.82 C109H226N6 
1265.84 C76H100N18 1422.69 C99H204N2 1911.88 C122H235N15 1453.77 C98H205N5   1706.79 C111H230N4 
1299.70 C74H102N22 1441.67 C95H201N7 2021.05 C128H258N16 1546.86 C110H224   1832.85 C110H230N20 
1371.70 C82H106N20 1539.77 C102H215N7 2177.09 C159H266 1643.84 C116H235N   2010.89 C145H240N2 
1422.71 C99H204N2 1556.76 C111H222 2353.00 C152H246N20 1725.90 C120H241N3   2026.88 C135H236N12 
1453.75 C98H205N5 1609.76 C105H221N9 2660.33 C157H283N35 1790.90 C122H240N6     
1541.75 C109H217N 1643.79 C103H223N13   1832.88 C112H234N18     
1609.78 C114H225N 1691.80 C100H223N19   2094.00 C145H253N7     
1686.82 C121H232 1757.87 C105H229N19   2705.15 C149H270N46     
1757.88 C116H237N9 1859.85 C109H227N23         
1842.90 C131H240N2 1994.90 C139H240N6         
1911.82 C125H227N13 2123.02 C137H252N16         
1945.96 C115H241N23 2198.93 C142H240N18         
2045.88 C131H233N17 2705.17 C149H270N46         
2131.05 C151H260N4 2814.27 C147H277N55         
2237.10 C141H262N20           
2815.25 C155H280N48           
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4.6.4 Absolute Intensity of Most Abundant Peaks (+/- standard error of mean is 
indicated by error bars) 
 
 
Ambic/Ambic Wash C98H205N5 Porcine Bone Samples 
 
 
Acid Extraction C98H205N5 Porcine Bone Samples 
 
Ambic/Ambic Wash C65H72N18 Porcine Bone Samples 
 
Acid Extraction C65H72N18 Porcine Bone Samples 
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Human Comparative Bone Samples C62H72N18 
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4.6.5 Cluster Analysis of Interdependence for Specific Non-Collagenous Peptides, 
Time Elapsed and/or Deposition scenario 
To analyse interdependence between specific non-collagenous peptides, decomposition 
time elapsed and/or deposition scenario, a K-nearest neighbours’ fuzzy cluster analysis 
was again used, utilising NCSS™ statistical analysis software. This was chosen as 
opposed to hard clustering due to the continuity of the parameters (Klawonn and 
Hoppner, 2003). A minimum of two and a maximum of ten clusters was set for 
interpreting the results of this experiment to account for surface vs burial deposition 
scenario, time since deposition, the five extraction parameters (see key below). Human 
perimortem analogue vs human postmortem bone were included to take into account any 
overall potential degradome similarities between these and the experimental porcine bone 
samples. The fuzzifier m, which controls the degree of cluster overlap, was again set at 2 
to minimise data noise (Klawonn and Hoppner, 2003). The initial analysis in this case 
yielded 10 clusters based upon MALDI-TOF signal to noise ratio (M/Z), indicative of 
comparative mass (see section 4.6.6).  
Posited protein identifications were generated by analysing M/Z ratios (masses) in the 
SwissProt and NCBInr protein databases at the University of California, San Francisco 
(see tables 4.11a and b). Further fuzzy cluster analyses, again utilising NCSS™ statistical 
analysis software, were then attempted for the porcine and comparative human bone 
samples utilising this categorised identification of peptides/proteins by the same rationale. 
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The previous analysis was predicated on signal to noise ratio integrated the porcine and 
human bone samples to determine if there were peptides of comparable mass in the 
porcine T0 and perimortem analogue human bones samples, and the porcine T140 and 
postmortem human bone samples respectively. For this test two fuzzy cluster analyses, 
predicated on porcine and human proteins were carried out, to account both for species 
specific differences, and the fact that decomposing human bone was not available.  A 
final pair of fuzzy cluster analyses then examined these samples against known variables, 
in this case cellular loci of the posited protein identifications from the first model, 
ascertained from the UniProt database (www.uniprot.org, 2014). In all cases a minimum 
of two and a maximum of ten clusters were set for interpreting the results as per the 
previous rationale. Due to the complexity of these data sets, it was not possible to 
generate scatter plots from these analyses. Any clustering between data points 
(representing bone samples) in these analyses would indicate interdependence the 
independent variables, in this case signal to noise ratio (m/z and thus peptide/chemical 
composition), deposition scenario, period of (cumulative degree days) decomposition, 
and/or extraction parameter. 
 
Key to Data Set Abbreviations 
Standard Protein Extraction Surface Comparative Demineralization 
A AW EOS EIS AE 
Ambic Extraction  Ambic Wash  Eraser Outer 
Surface  Bone 
Eraser Inner 
Surface Bone 
Acid Extraction 
Deposition, 
Porcine 
Experimental 
Bone 
Suffix S: Surface Suffix B: Burial 
Human 
Comparative 
Bone 
HPeri: Human Perimortem 
Analogue (Hip Transplant Discard 
Femur Neck) 
HPost: Human Postmortem  
(19thC Teaching Skeleton Femur) 
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4.6.6 ZooMS Analysis of Non-Collagenous Peptides: Interpretation of Results 
4.6.6.1 Post-Translational Modifications to Bone Proteins during Soft Tissue 
Putrefaction 
Post-translational modifications are post-synthesis covalent modifications of the protein, 
adding or subtracting a specific mass difference and are not particular to any one protein 
(e.g. the proteolytic removal of an initiation sequence to form the final protein). These 
post-translational modifications can thus also change the charge, structure and 
conformation of the protein, which, for instance, can result in changes to the protein’s 
enzyme activity, binding affinity and/or hydrophobicity. Examples of such post 
translational modifications include methylation and demethylation (+/-CH3), 
carboxylation and decarboxylation (+/- COOH), amidation and deamidation (+/-NH2), 
and hydroxylation and dehydroxylation (+/-OH) (Hoffman et al, 2008; Larsen et al, 
2006). The most prevalent peaks in the mass spectrographs for the sequential porcine 
experimental bone samples (0, 250, 551, 879, 1219, and 1450 cooling degree days, 
respectively) and the comparative peaks for the human perimortem analogue and human 
postmortem bone samples were converted from signal/noise ratio (M/Z) equating 
molecular mass to the most likely chemical formula using the Mmass™ software’s 
conversion function with an error tolerance not exceeding +/-0.2 in said ratio (see raw 
data example, 8.5.3) for non-collagenous proteins not exceeding 3 KDa in molecular 
mass (occasional instances of apparent collagen peptide fragments were however, 
subsequently identified). This was done for each extraction parameter: ambic Extraction, 
ambic wash, eraser outer surface of bone, eraser inner surface of bone, and acid 
extraction (demineralisation) for both the porcine and human bone samples; and by 
deposition scenario (burial or surface) for the porcine samples and perimortem analogue 
or postmortem for the human samples.  
Sequential changes in chemical formula, and thus molecular mass, that could be equated 
to known (progressive) post translational modifications to proteins as described above 
(addition or subtraction of mass), appeared absent between the sequential porcine 
experimental bone samples. Likewise any significant changes in formula and thus mass 
equating a similar change in the comparative human bone samples (between perimortem 
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analogue and postmortem) was also absent. This finding was applicable across all 
extraction parameters including acid demineralisation, and between deposition scenarios 
in the case of the experimental porcine bone samples. This would indicate that 
discrimination of the postmortem interval during the soft tissue putrefaction period 
according to sequential post translational modification of (non-collagenous) proteins 
found in bone is not viable, and thus not suitable as a forensic test, although it should not 
be discounted for use over longer time frames, in the forensic and especially the 
archaeological contexts (Hoffman et al, 2008).  
4.6.6.2 Variation in Absolute Intensity (M/Z) Peaks 
Absolute intensity of M/Z peaks, indicative of (quantitative) protein abundance appeared 
to be highly variable across all extraction parameters for both sequential experimental 
porcine bone samples (burial and surface deposition scenarios), and for human 
comparative bone samples (perimortem analogue and postmortem) (Angel et al, 2012). 
The two most abundant peaks for porcine bone (C98H205N5, C65H72N18) and human bone 
(C102H209N3, C62H72N18) were examined more closely and were found to epitomise this 
variation (see 8.5.4). To convert the arbitrary unit of spectral counts or peak intensities 
into a measure of concentration e.g. mol/liter, proteome-wide (degradome-wide in this 
instance) absolute abundances would need to be estimated based on linear regression 
(Ludwig et al, 2012; Pirman et al, 2013). Such meta-analysis here, considering the 
variation already demonstrated, would serve only to emphasise said variation, and thus 
prove unproductive. Suffice to say, that variation in protein abundance in bone from the 
results obtained suggests that it is not likely to prove a viable estimator of postmortem 
interval within the soft tissue putrefaction period, and therefore is not suitable for 
development as a forensic test (see sections 4.6.1 to 4.6.4 including tables 4.11a and 
4.11b above). 
4.6.6.3 Statistical Analysis of ZooMS Experiment Results 
Fuzzy Cluster Analysis of Signal/Noise (M/Z) Ratio for all Bone Samples 
Clusters 1 and 2 contained a disparate mixture of samples extracted by various means 
with no discernible common factor. Cluster 3 contained samples from various extraction 
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parameters and both deposition scenarios, and from 879 to 1219 CCDD decomposition, 
whereas clusters 4 and 5 contained samples from various extraction parameters and both 
deposition scenarios, but from 0 to 1219 CCDD decomposition. Cluster 5 included one 
human perimortem bone sample (ambic wash extraction). Cluster 6 contained samples 
from various extraction parameters and both deposition scenarios from 551 to 1450 
CCDD decomposition and included one postmortem human bone sample (acid 
extraction).  Cluster 7 contained porcine samples from both deposition samples, 
predominately of 1450 CCDD decomposition. Cluster 8 contained porcine samples from 
both deposition scenarios of predominately 879 to 1219 CCDD decomposition with one 
outlier of 250 CCDD decomposition, and two postmortem human samples. Cluster 9 
contained porcine samples from both deposition scenarios and various extraction 
parameters, ranging from 551 to 1450 CCDD decomposition. Cluster 10 contained both 
eraser blank control samples, and a variety of samples extracted with the eraser extraction 
technique, suggesting that this may have had an effect on the subsequent spectroscopic 
analysis. A summary of the NCSS™ report is given below. Considering the signal to 
noise ratio in this context as indicative of non-collagenous peptide mass, there was some 
discrimination between samples according to time elapsed since deposition (measured as 
cumulative cooling degree days decomposition) evident, but this was of insufficient 
accuracy for this method to be considered a viable means of determining the postmortem 
interval in the forensic context according to the results obtained. There was no reliable 
discrimination between deposition scenarios or extraction parameters, apart from the 
eraser extraction method.     
NCSS 11.0.11 08/08/2017 19:07:34      52 
 
Fuzzy Clustering Report 
 
Dataset C:\...\Zooms clusters\MZ cluster raw.                                      NCSS Variables C2 to C30 
Distance Type Manhattan                                                                               Scale Type Standard Deviation 
 
Membership Summary Section for Clusters = 10 
   Sum of Bar of 
  Cluster Squared Squared Silhouette Silhouette 
Row Cluster Membership Memberships Memberships Amount Bar 
7 T0 AS 1 0.2602 0.1743 |IIIII -0.1120 | 
13 T0 AWB 1 0.2596 0.1742 |IIIII -0.1120 | 
4 T84 AB 1 0.2339 0.1611 |IIIII -0.1386 | 
54 T140 AEB 1 0.2277 0.1512 |IIIII 0.2246 |IIIIIII 
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70 Hperi AE 1 0.2154 0.1422 |IIII 0.2024 |IIIIII 
39 T56 EISB 1 0.2144 0.1410 |IIII 0.1161 |III 
3 T56 AB 1 0.2006 0.1315 |IIII 0.2633 |IIIIIIII 
33 T56 EOSS 1 0.1993 0.1371 |IIII -0.0288 | 
57 T56 AES 1 0.1957 0.1299 |IIII 0.2573 |IIIIIIII 
48 T140 EISS 2 0.2214 0.1473 |IIII -0.1887 | 
19 T0 AWS 2 0.2194 0.1437 |IIII -0.1622 | 
36 T140 EOSS 2 0.2141 0.1438 |IIII -0.3259 | 
55 T0 AES 2 0.2140 0.1457 |IIII -0.4708 | 
31 T0 EOSS 2 0.2117 0.1409 |IIII -0.1266 | 
8 T28 AS 2 0.1598 0.1162 |III 0.3272 |IIIIIIIIII 
14 T28 AWB 2 0.1597 0.1162 |III 0.3272 |IIIIIIIIII 
35 T112 EOSS 2 0.1582 0.1200 |IIII 0.0988 |III 
62 Hperi A 2 0.1211 0.1041 |III 0.1418 |IIII 
29 T112 EOSB 3 0.2010 0.1398 |IIII 0.2881 |IIIIIIIII 
17 T112 AWB 3 0.1997 0.1368 |IIII 0.3691 |IIIIIIIIIII 
11 T112 AS 3 0.1994 0.1368 |IIII 0.3691 |IIIIIIIIIII 
58 T84 AES 3 0.1806 0.1314 |IIII 0.2416 |IIIIIII 
23 T112 AWS 3 0.1642 0.1225 |IIII 0.2547 |IIIIIIII 
26 T28 EOSB 4 0.5459 0.3289 |IIIIIIIIII 0.4255 |IIIIIIIIIIIII 
32 T28 EOSS 4 0.4854 0.2732 |IIIIIIII 0.4834 |IIIIIIIIIIIIIII 
38 T28 EISB 4 0.4744 0.2675 |IIIIIIII 0.3555 |IIIIIIIIIII 
68 Hperi EIS 4 0.3656 0.1895 |IIIIII 0.3788 |IIIIIIIIIII 
66 Hperi EOS 4 0.3347 0.1762 |IIIII 0.3254 |IIIIIIIIII 
44 T28 EISS 4 0.2966 0.1696 |IIIII 0.0432 |I 
27 T56 EOSB 4 0.2922 0.1728 |IIIII -0.0699 | 
37 T0 EISB 4 0.2654 0.1397 |IIII 0.3204 |IIIIIIIIII 
59 T112 AES 5 0.1875 0.1296 |IIII -0.2226 | 
21 T56 AWS 5 0.1846 0.1318 |IIII -0.2432 | 
50 T28 AEB 5 0.1812 0.1302 |IIII -0.1546 | 
49 T0 AEB 5 0.1733 0.1294 |IIII -0.1536 | 
1 T0 AB 5 0.1678 0.1211 |IIII -0.3717 | 
25 T0 EOSB 5 0.1601 0.1251 |IIII -0.1585 | 
2 T28 AB 5 0.1446 0.1127 |III -0.3668 | 
64 Hperi AW 5 0.1331 0.1114 |III -0.2358 | 
71 Hpost AE 6 0.2297 0.1612 |IIIII 0.1473 |IIII 
9 T56 AS 6 0.2247 0.1557 |IIIII 0.4200 |IIIIIIIIIIIII 
15 T56 AWB 6 0.2245 0.1557 |IIIII 0.4200 |IIIIIIIIIIIII 
42 T140 EISB 6 0.1892 0.1365 |IIII 0.1167 |III 
45 T56 EISS 7 0.2107 0.1450 |IIII 0.3128 |IIIIIIIII 
12 T140 AS 7 0.2013 0.1413 |IIII 0.5283 |IIIIIIIIIIIIIIII 
18 T140 AWB 7 0.2011 0.1414 |IIII 0.5283 |IIIIIIIIIIIIIIII 
6 T140 AB 7 0.1852 0.1314 |IIII 0.4408 |IIIIIIIIIIIII 
20 T28 AWS 7 0.1585 0.1195 |IIII 0.3127 |IIIIIIIII 
63 Hpost A 8 0.3253 0.2109 |IIIIII 0.5780 |IIIIIIIIIIIIIIIII 
53 T112 AEB 8 0.3245 0.2191 |IIIIIII 0.5946 |IIIIIIIIIIIIIIIIII 
34 T84 EOSS 8 0.3074 0.2033 |IIIIII 0.4250 |IIIIIIIIIIIII 
5 T112 AB 8 0.2639 0.1664 |IIIII 0.4546 |IIIIIIIIIIIIII 
56 T28 AES 8 0.2174 0.1354 |IIII 0.3516 |IIIIIIIIIII 
52 T84 AEB 8 0.2098 0.1328 |IIII 0.2692 |IIIIIIII 
65 Hpost AW 8 0.2096 0.1312 |IIII 0.3446 |IIIIIIIIII 
41 T112 EISB 8 0.1733 0.1206 |IIII 0.2130 |IIIIII 
60 T140 AES 9 0.3025 0.1869 |IIIIII -0.1410 | 
24 T140 AWS 9 0.2887 0.1895 |IIIIII -0.5318 | 
51 T56 AEB 9 0.2668 0.1603 |IIIII -0.1380 | 
16 T84 AWB 9 0.2209 0.1334 |IIII -0.1439 | 
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10 T84 AS 9 0.2208 0.1334 |IIII -0.1439 | 
46 T84 EISS 9 0.1568 0.1088 |III 0.2184 |IIIIIII 
22 T84 AWS 9 0.1401 0.1046 |III 0.1880 |IIIIII 
40 T84 EISB 10 0.2796 0.1561 |IIIII 0.3471 |IIIIIIIIII 
30 T140 EOSB 10 0.2751 0.1507 |IIIII 0.3518 |IIIIIIIIIII 
61 Econtrol1 10 0.2585 0.1508 |IIIII 0.0622 |II 
72 Econtrol2 10 0.2574 0.1505 |IIIII 0.0622 |II 
69 Hpost EIS 10 0.2522 0.1443 |IIII 0.3397 |IIIIIIIIII 
67 Hpost EOS 10 0.2206 0.1384 |IIII 0.1329 |IIII 
28 T84 EOSB 10 0.2206 0.1453 |IIII 0.1013 |III 
43 T0 EISS 10 0.2172 0.1328 |IIII 0.3146 |IIIIIIIII 
47 T112 EISS 10 0.2148 0.1357 |IIII 0.0747 |II 
 
Fuzzy Cluster Analysis of Specific Proteins for Porcine Bone Samples using Data 
from the SwissProt and NCBInr Protein Databases 
As can be seen in the following cluster analysis report, five clusters of samples became 
evident with one outlier. Ten clusters were again set as the maximum potential. The 
experimental porcine bone samples from each extraction parameter were tested against 
246 proteins identified from the most prevalent peaks elucidated in the ZooMS mass 
spectrographs being searched against the SwissProt and NBInr databases (see table 4.11a 
for illustrative examples). Again samples from both deposition scenarios and from 
various extraction parameters can be found in each cluster (excluding the outlier). There 
is no discernible discrimination according to periodicity of decomposition apparent. 
NCSS 11.0.11 08/08/2017 22:33:26      44 
 
Fuzzy Clustering Report 
 
Dataset C:\...\Zooms clusters\Porcine protein raw.NCSS 
Variables C2 to C30 
Distance Type Manhattan 
Scale Type Standard Deviation 
 
Membership Summary Section for Clusters = 10 
   Sum of Bar of 
  Cluster Squared Squared Silhouette Silhouette 
Row Cluster Membership Memberships Memberships Amount Bar 
7 T140 AB 1 0.9744 0.9495 |IIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
62 Econtrol 5 0.1294 0.1199 |IIII -1.0000 | 
25 T140 AWS 5 0.1289 0.1198 |IIII -1.0000 | 
30 T112 EOSB 5 0.1272 0.1172 |IIII -1.0000 | 
55 T140 AEB 5 0.1259 0.1158 |III -1.0000 | 
32 T0 EOSS 5 0.1198 0.1102 |III -1.0000 | 
34 T56 EOSS 5 0.1194 0.1101 |III -1.0000 | 
19 T140 AWB 5 0.1193 0.1102 |III -1.0000 | 
16 T56 AWB 5 0.1192 0.1093 |III -1.0000 | 
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59 T84 AES 5 0.1189 0.1094 |III -1.0000 | 
36 T112 EOSS 5 0.1179 0.1095 |III -1.0000 | 
9 T28 AS 5 0.1179 0.1086 |III -1.0000 | 
26 T0 EOSB 5 0.1179 0.1085 |III -1.0000 | 
37 T140 EOSS 5 0.1173 0.1083 |III -1.0000 | 
12 T112 AS 5 0.1166 0.1074 |III -1.0000 | 
43 T140 EISB 5 0.1142 0.1068 |III -1.0000 | 
44 T0 EISS 5 0.1136 0.1054 |III -1.0000 | 
42 T112 EISB 5 0.1131 0.1049 |III -1.0000 | 
4 T56 AB 5 0.1102 0.1033 |III -1.0000 | 
17 T84 AWB 5 0.1098 0.1029 |III -1.0000 | 
23 T84 AWS 5 0.1098 0.1029 |III -1.0000 | 
6 T112 AB 5 0.1090 0.1026 |III -1.0000 | 
18 T112 AWB 5 0.1057 0.1011 |III -1.0000 | 
60 T112 AES 7 0.1211 0.1146 |III -1.0000 | 
22 T56 AWS 7 0.1168 0.1087 |III -1.0000 | 
24 T112 AWS 7 0.1166 0.1086 |III -1.0000 | 
8 T0 AS 7 0.1161 0.1085 |III -1.0000 | 
13 T140 AS 7 0.1151 0.1066 |III -1.0000 | 
15 T28 AWB 7 0.1136 0.1063 |III -1.0000 | 
10 T56 AS 7 0.1135 0.1070 |III -1.0000 | 
50 T0 AEB 8 0.9145 0.8372 |IIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
45 T28 EISS 8 0.9144 0.8372 |IIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
29 T84 EOSB 8 0.9144 0.8371 |IIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
27 T28 EOSB 8 0.9144 0.8371 |IIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
39 T28 EISB 8 0.2617 0.1375 |IIII -1.0000 | 
21 T28 AWS 8 0.2373 0.1322 |IIII -1.0000 | 
38 T0 EISB 8 0.2373 0.1322 |IIII -1.0000 | 
58 T56 AES 8 0.2373 0.1322 |IIII -1.0000 | 
56 T0 AES 8 0.2373 0.1322 |IIII -1.0000 | 
35 T84 EOSS 8 0.1869 0.1194 |IIII -1.0000 | 
2 T0 AB 8 0.1701 0.1144 |III -1.0000 | 
5 T84 AB 8 0.1617 0.1113 |III -1.0000 | 
28 T56 EOSB 8 0.1569 0.1171 |IIII -1.0000 | 
51 T28 AEB 8 0.1569 0.1171 |IIII -1.0000 | 
41 T84 EISB 8 0.1519 0.1127 |III -1.0000 | 
46 T56 EISS 8 0.1402 0.1113 |III -1.0000 | 
11 T84 AS 8 0.1321 0.1093 |III -1.0000 | 
20 T0 AWS 8 0.1280 0.1138 |III -1.0000 | 
49 T140 EISS 8 0.1202 0.1075 |III -1.0000 | 
14 T0 AWB 8 0.1128 0.1048 |III -1.0000 | 
52 T56 AEB 9 0.9771 0.9549 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
53 T84 AEB 9 0.9771 0.9549 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
54 T112 AEB 9 0.9771 0.9549 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
61 T140 AES 9 0.9771 0.9549 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII -1.0000 | 
48 T112 EISS 9 0.2101 0.1190 |IIII -1.0000 | 
40 T56 EISB 9 0.1904 0.1137 |III -1.0000 | 
31 T140 EOSB 9 0.1738 0.1119 |III -1.0000 | 
3 T28 AB 9 0.1372 0.1060 |III -1.0000 | 
57 T28 AES 9 0.1265 0.1108 |III -1.0000 | 
47 T84 EISS 9 0.1236 0.1062 |III -1.0000 | 
33 T28 EOSS 9 0.1173 0.1101 |III -1.0000 | 
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Fuzzy Cluster Analysis of Specific Proteins for Human Bone Samples using Data 
from the SwissProt and NCBInr Protein Databases 
As can be seen in the following cluster analysis report, there is some limited separation 
between human perimortem analogue and postmortem bone samples. The maximum 
clusters were set to seven to account for the perimortem and postmortem condition and 
the extraction parameters. The experimental human bone samples from each extraction 
parameter were tested against 80 proteins identified from the most prevalent peaks 
elucidated in the ZooMS mass spectrographs being searched against the SwissProt and 
NBInr databases (see table 4.11b for illustrative examples). Again samples from various 
extraction parameters can be found in each cluster. 
 
NCSS 11.0.11 08/08/2017 23:23:08      13 
 
Fuzzy Clustering Report 
 
Dataset C:\...\Zooms clusters\Human protein raw.NCSS 
Variables C2 to C30 
Distance Type Manhattan 
Scale Type Standard Deviation 
 
Membership Summary Section for Clusters = 7 
   Sum of Bar of 
  Cluster Squared Squared Silhouette Silhouette 
Row Cluster Membership Memberships Memberships Amount Bar 
3 Hpost A 1 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
5 Hpost AW 2 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
6 Hperi EOS 3 0.8780 0.7749 |IIIIIIIIIIIIIIIIIIIIIII 0.7120
 |IIIIIIIIIIIIIIIIIIIII 
8 Hperi EIS 3 0.7532 0.5853 |IIIIIIIIIIIIIIIIII 0.5955
 |IIIIIIIIIIIIIIIIII 
9 Hpost EIS 4 0.9998 0.9996 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
12 Econtrol 5 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1.0000
 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
11 Hpost AE 5 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1.0000
 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
10 Hperi AE 5 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1.0000
 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
7 Hpost EOS 5 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1.0000
 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
4 Hperi AW 6 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
2 Hperi A 7 1.0000 1.0000 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
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Fuzzy Cluster Analysis of Protein Loci for Porcine Bone Samples using Data from 
the UniProt Protein Database 
As can be seen in the following cluster analysis report, four clusters of samples became 
evident with one outlier. Ten clusters were again set as the maximum potential. The 
experimental porcine bone samples from each extraction parameter were tested against 20 
protein loci identified from data from the SwissProt and NBInr databases being searched 
against the UniProt database (see table 4.14a below for illustrative examples). Again 
samples from both deposition scenarios and from various extraction parameters can be 
found in each cluster (excluding the outlier). There is no discernible discrimination 
according to periodicity of decomposition or extraction parameter apparent. 
 
Fuzzy Clustering Report 
 
Dataset C:\...\Zooms clusters\Porcine Protein loci raw.NCSS 
Variables C2 to C21 
Distance Type Manhattan 
Scale Type Standard Deviation 
 
Sum of Bar of 
  Cluster Squared Squared Silhouette
 Silhouette 
Row Cluster Membership Memberships Memberships Amount Bar 
7 T140 AB 1 0.9348 0.8744 |IIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
31 T140 EOSB 2 0.1061 0.1034 |III -1.0000 | 
13 T140 AS 2 0.1060 0.1032 |III -1.0000 | 
36 T112 EOSS 2 0.1052 0.1024 |III -1.0000 | 
6 T112 AB 2 0.1046 0.1019 |III -1.0000 | 
45 T28 EISS 8 0.1094 0.1080 |III -1.0000 | 
39 T28 EISB 8 0.1090 0.1072 |III -1.0000 | 
5 T84 AB 8 0.1086 0.1066 |III -1.0000 | 
48 T112 EISS 8 0.1086 0.1066 |III -1.0000 | 
46 T56 EISS 8 0.1085 0.1065 |III -1.0000 | 
14 T0 AWB 8 0.1085 0.1063 |III -1.0000 | 
35 T84 EOSS 8 0.1084 0.1063 |III -1.0000 | 
38 T0 EISB 8 0.1081 0.1058 |III -1.0000 | 
42 T112 EISB 8 0.1079 0.1056 |III -1.0000 | 
56 T0 AES 8 0.1077 0.1053 |III -1.0000 | 
15 T28 AWB 8 0.1075 0.1050 |III -1.0000 | 
41 T84 EISB 8 0.1072 0.1047 |III -1.0000 | 
44 T0 EISS 8 0.1069 0.1043 |III -1.0000 | 
3 T28 AB 8 0.1069 0.1042 |III -1.0000 | 
8 T0 AS 8 0.1067 0.1040 |III -1.0000 | 
20 T0 AWS 8 0.1067 0.1040 |III -1.0000 | 
10 T56 AS 8 0.1065 0.1038 |III -1.0000 | 
58 T56 AES 8 0.1065 0.1037 |III -1.0000 | 
29 T84 EOSB 8 0.1064 0.1037 |III -1.0000 | 
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11 T84 AS 8 0.1061 0.1034 |III -1.0000 | 
28 T56 EOSB 8 0.1055 0.1027 |III -1.0000 | 
2 T0 AB 8 0.1054 0.1026 |III -1.0000 | 
49 T140 EISS 8 0.1051 0.1023 |III -1.0000 | 
50 T0 AEB 8 0.1050 0.1023 |III -1.0000 | 
27 T28 EOSB 8 0.1050 0.1022 |III -1.0000 | 
24 T112 AWS 8 0.1050 0.1022 |III -1.0000 | 
34 T56 EOSS 8 0.1047 0.1020 |III -1.0000 | 
16 T56 AWB 10 0.1096 0.1081 |III -1.0000 | 
32 T0 EOSS 10 0.1092 0.1076 |III -1.0000 | 
33 T28 EOSS 10 0.1092 0.1076 |III -1.0000 | 
18 T112 AWB 10 0.1092 0.1074 |III -1.0000 | 
21 T28 AWS 10 0.1089 0.1070 |III -1.0000 | 
17 T84 AWB 10 0.1087 0.1068 |III -1.0000 | 
62 Econtrol 10 0.1086 0.1066 |III -1.0000 | 
43 T140 EISB 10 0.1084 0.1064 |III -1.0000 | 
53 T84 AEB 10 0.1083 0.1062 |III -1.0000 | 
47 T84 EISS 10 0.1081 0.1059 |III -1.0000 | 
30 T112 EOSB 10 0.1081 0.1058 |III -1.0000 | 
23 T84 AWS 10 0.1079 0.1056 |III -1.0000 | 
59 T84 AES 10 0.1079 0.1055 |III -1.0000 | 
40 T56 EISB 10 0.1078 0.1055 |III -1.0000 | 
12 T112 AS 10 0.1075 0.1050 |III -1.0000 | 
9 T28 AS 10 0.1074 0.1050 |III -1.0000 | 
57 T28 AES 10 0.1073 0.1047 |III -1.0000 | 
26 T0 EOSB 10 0.1070 0.1043 |III -1.0000 | 
54 T112 AEB 10 0.1070 0.1043 |III -1.0000 | 
22 T56 AWS 10 0.1068 0.1041 |III -1.0000 | 
60 T112 AES 10 0.1066 0.1039 |III -1.0000 | 
25 T140 AWS 10 0.1066 0.1039 |III -1.0000 | 
4 T56 AB 10 0.1066 0.1039 |III -1.0000 | 
19 T140 AWB 10 0.1064 0.1037 |III -1.0000 | 
51 T28 AEB 10 0.1061 0.1034 |III -1.0000 | 
55 T140 AEB 10 0.1060 0.1033 |III -1.0000 | 
61 T140 AES 10 0.1058 0.1030 |III -1.0000 | 
52 T56 AEB 10 0.1057 0.1029 |III -1.0000 | 
37 T140 EOSS 10 0.1047 0.1020 |III -1.0000 | 
 
Fuzzy Cluster Analysis of Protein Loci for Human Bone Samples using Data from 
the UniProt Protein Database 
As can be seen in the following cluster analysis report, there was again some limited 
separation between human perimortem analogue and postmortem bone samples, but only 
one true cluster became apparent. Seven clusters were again set as the maximum 
potential. The experimental human bone samples from each extraction parameter were 
tested against 9 possible protein loci identified from data from the SwissProt and NBInr 
databases being searched against the UniProt database (see table 4.14b below for 
illustrative examples). Again samples from various extraction parameters can be found in 
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each cluster. A summary of the protein loci categorisations used is given below in table 
4.13.  
Fuzzy Clustering Report 
 
Dataset C:\...\Zooms clusters\Human protein loci raw. NCSS        Variables C2 to C54 
Distance Type Manhattan                                                  Scale Type Standard Deviation 
      
 
Membership Summary Section for Clusters = 7 
   Sum of Bar of 
  Cluster Squared Squared Silhouette
 Silhouette 
Row Cluster Membership Memberships Memberships Amount Bar 
3 Hpost A 1 0.9713 0.9436 |IIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
5 Hpost AW 2 0.9829 0.9661 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
7 Hpost EOS 3 0.9783 0.9572 |IIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
9 Hpost EIS 4 0.9221 0.8513 |IIIIIIIIIIIIIIIIIIIIIIIIII 0.5994
 |IIIIIIIIIIIIIIIIII 
8 Hperi EIS 4 0.3545 0.2050 |IIIIII 0.5343
 |IIIIIIIIIIIIIIII 
11 Hpost AE 5 0.9958 0.9916 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
12 Econtrol 6 0.9163 0.8408 |IIIIIIIIIIIIIIIIIIIIIIIII -0.3197 | 
4 Hperi AW 6 0.2287 0.1557 |IIIII -0.0959 | 
10 Hperi AE 6 0.2205 0.1533 |IIIII -0.0392 | 
6 Hperi EOS 6 0.2194 0.1542 |IIIII -0.1039 | 
2 Hperi A 7 0.9940 0.9881 |IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0.0000 | 
 
Table 4.13: Summary of Protein Loci Categorisation 
Porcine Protein Loci Categorisation Human Protein Loci Categorisation 
Bacterial Epithelial cells 
Cellular Erythrocyte 
Connective Tissue Extracellular 
Endothelial Cells Intracellular 
Epithelial Cells Keratinocytes 
Erythrocytes Membrane Bound 
Extracellular Neural 
Intracellular Skeletal Muscle 
Keratinocytes Epithelial cells 
Leukocytes Erythrocyte 
Macrophages Extracellular 
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4.6.6.4 Table 4.14(a) Example Summary of Function and Loci of Posited Porcine Bone Sample Proteins (UniProt Database) 
Porcine Protein Function Location Porcine Protein Function Location Porcine Protein Function Location Porcine Protein Function Location 
Tyrosine Protein 
Kinase Jak 2 
Signal Transduction Membrane 
Bound 
cortactin-binding 
protein 2 
Neural Cell 
development 
Neural cortactin-
binding protein 
2 
Dendritic 
Spinogenesis 
Neural early endosome 
antigen 1 
Vesicular 
Transport 
Intracellular 
Myosin 4 Muscle Contraction Skeletal 
Muscle 
ninein isoform 1 Cytoskeletal Intracellular adenomatous 
polyposis coli 
Tumor 
Suppression 
Intracellular structural 
maintenance of 
chromosomes 
protein 1A 
Chromosome 
Cohesion 
Intracellular 
Myosin 2 Muscle Contraction Skeletal 
Muscle 
exophilin-5 Rab Effector Keratino-
cytes 
citron Rho-
interacting 
kinase 
Cytokinesis Intracellular tetratricopeptide 
repeat protein 
13 isoform 1 
DNA Processing Intracellular 
Myosin 1 Muscle Contraction Skeletal 
Muscle 
myosin-IXb-like Cytoskeletal Intracellular thyroid 
receptor-
interacting 
protein 11 
Golgi 
Cytoskeletal 
Intracellular tetratricopeptide 
repeat protein 
13 isoform 2  
DNA Processing Intracellular 
Nitric Oxide 
Synthase, 
endothelial 
Blood Pressure Endothelial 
Cells 
myosin-10-like, 
partial 
Cytoskeletal Intracellular cortactin-
binding protein 
2-like 
Dendritic 
Spinogenesis 
Neural myosin-9 Cytoskeletal Leukocytes 
VDJ 
Recombination 
Activation Protein 
DNA Repair Intracellular spectrin beta 
chain, erythrocyte 
Cytoskeletal Intracellular nebulin, partial Stabilises F-
actin 
Skeletal 
Muscle 
DENN domain-
containing 
protein 4C 
Nucleotide 
Exchange Factor 
Intracellular 
Small 
Conductance Ca 
activated K 
Channel Protein 3 
Neural Ion transfer Neural 
 
myosin-15, partial Muscle Contraction Skeletal 
Muscle 
myosin-XVIIIb-
like 
Intracellular 
Trafficking 
Skeletal 
Muscle 
plexin-B3 Axon Growth  Neural 
Flotillin-1 Clathrin Endocytosis Membrane 
Bound 
myoferlin Calcium Binding Membrane 
Bound 
dysferlin-like Calcium 
Binding 
Skeletal 
Muscle 
leptin, partial Cell Signalling Serum 
Hemoglobin 
subunit beta 
Iron Retention/O2 
Transport/Blood 
Erythrocytes collagen alpha-
1(XII) chain 
Structural Connective 
Tissue 
acetyl-CoA 
carboxylase 2 
precursor 
Enzyme Bacterial homologue to 
Drosophila 
photoreceptor  
Null Null 
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4.6.6.3: Table 4.14(b) Example Summary of Function and Loci of Posited 
Comparative Human Bone Sample Proteins (UniProt Database) 
Human Protein Function Location Human Protein Function Location Human 
Protein 
Function Location 
Spectrin beta chain, non-
erythrocytic 4 
Cytoskeletal Intracellular ATP-binding 
cassette sub-
family A 
member 12 
Lipid 
Homeostasis 
Membrane 
Bound 
Dedicator of 
cytokinesis 
protein 9 
Guanine 
Nucleotide 
Exchange 
Membrane 
Bound 
Myosin-14 Cytokinesis Intracellular TRIO and F-
actin-binding 
protein 
Cytoskeletal Intracellular KIAA0454 
protein 
CAMP Pathway 
Golgi 
Intracellular 
Chromodomain-
helicase-DNA-binding 
protein 2 
Binds 
Target 
Gene 
Promotors 
Intracellular Microtubule-
associated 
protein  
Cytoskeletal Intracellular myomegalin 
isoform 8  
CAMP Pathway 
Golgi 
Intracellular 
Myosin-2 Cytoskeletal Intracellular coagulation 
factor VIII, 
procoagulant 
component  
Null Null myomegalin-
like isoform 4  
CAMP Pathway 
Golgi 
Intracellular 
beta4sigma1 spectrin Null Null factor VIII Cofactor Extracellular myomegalin-
like isoform 5  
CAMP Pathway 
Golgi 
Intracellular 
spectrin beta chain, non-
erythrocytic 4 isoform 
sigma1  
Cytoskeletal Intracellular Centrosome-
associated 
protein CEP250 
Cytoskeletal Intracellular CDK5 
regulatory 
subunit 
Cytoskeletal Intracellular 
spectrin beta IV  Cytoskeletal Intracellular Nebulin-related-
anchoring 
protein 
Transmitting 
Tension 
Skeletal 
Muscle 
Spectrin beta 
chain, non-
erythrocytic 2 
Cytoskeletal Intracellular 
beta-spectrin  Cytoskeletal Intracellular Citron Rho-
interacting 
kinase 
Cytokinesis Intracellular Spectrin beta 
chain, 
erythrocytic 
Cytoskeletal Erythrocytes 
non-erythrocytic beta-
spectrin 4  
Cytoskeletal Intracellular Collagen alpha-
1(VII) chain 
Structural Epithelial 
cells 
Exophilin-5 Vesicle 
Trafficking 
Keratinocytes 
Coagulation factor VIII Cofactor Extracellular centrosome 
protein Cep290  
Cilium 
Morphogenesis 
Intracellular Otogelin-like 
protein 
Metabolic Extracellular 
Glutamate receptor 
ionotropic, NMDA 2A 
NMDA 
Receptor 
Membrane 
Bound 
centrosomal 
protein 290kDa, 
isoform CRA_b 
Cytoskeletal Intracellular spectrin, beta, 
erythrocytic  
Cytoskeletal Erythrocytes 
 
4.6.6.5 Summary of Zoological Mass Spectrometry Results 
From the hierarchical nearest-neighbour fuzzy cluster analysis of bone samples tested 
against signal to noise ratio, indicative of non-collagenous peptide mass, there was some 
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clustering of bone samples according to time elapsed since deposition (measured as 
cumulative cooling degree days decomposition) evident, but this was insufficiently 
discriminant for this method to be considered a viable means of determining the 
postmortem interval in the forensic context according to the results obtained. There was 
no reliable discrimination between deposition scenarios or extraction parameters, apart 
from the eraser extraction method. Further to this, there was no reliable clustering of bone 
samples according to extraction parameter, deposition scenario, or periodicity of 
decomposition in the subsequent hierarchical nearest-neighbour fuzzy cluster analyses 
testing these parameters against protein type as identified by the SwissProt and NCBInr 
databases, or protein locus as identified by the UniProt database. Zoological mass 
spectrometry, at this juncture then, has been demonstrated to show no real potential as a 
means of determining periodicity of the soft tissue putrefaction period in the early 
postmortem interval by analysing non-collagenous bone proteins and/or peptides.  
This is not to say that similar techniques have no merit in the forensic context however. 
Li et al (2017) too muscle samples from four euthanised Sprague-Dawley rats at intervals 
of 0, 48, 96, and 144 hours after death. Li et al probed these samples using matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 
to obtain molecular images and data for principal component analysis (PCA). Their 
results showed that the peaks at m/z (signal to noise ratio) 1511, 1543, 1564, and 1586 
clearly decreased in intensity from 0 to 144 hours postmortem and that the time groups 
were separated from each other on the PCA score plot. From this Li et al (2017) 
determined that MALDI-TOF MS could be used to determine early PMI in the very 
earliest phase of decomposition, albeit not from bone proteins. Similarly, as alluded to 
earlier, Donaldson and Lamont’s extensive 2014 literature review on estimation of post-
mortem interval using biochemical markers, suggests that volatile fatty acids, amino 
acids, metabolites, and bloodstream biochemical markers demonstrate potential for 
determining PMI. It must therefore be considered that the limiting factor in the outcome 
of the ZooMS experiment conducted for this PhD may not have been the technique 
implemented, but rather the tissue that was investigated. 
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Chapter 5 
Discussion 
5.0 Intersecting Epistemologies 
The most succinct definition of experimental archaeology encountered during the course 
of the research for this PhD was from John Morton Coles’ 1973 book on the subject 
Archaeology by Experiment. To quote from his introduction: 
“The term experimental archaeology is a convenient way of describing the 
collection of facts, theories, and fictions that has been assembled through a 
century of interest in the reconstruction and function of ancient remains. By 
definition the words suggest a trial, a test, a means of judging a theory, or an idea, 
and this is exactly so; experimental archaeology provides a way, one way, of 
examining archaeological thoughts about human behaviour in the past. It deals 
almost entirely with elements of subsistence and technology, and therefore does 
not encompass the whole range of human culture; yet it treats exactly those 
ancient features that form the backbone of archaeology as a study, the surviving 
aspects of material culture. In pursuing these aspects beyond mere recovery and 
recording, experimental archaeology leads easily and perhaps inevitably into 
further stages of archaeological work, involving more complex and more 
theoretical models of human patterns of behaviour” (Coles, 1973). 
 
Reynolds (1999) went on to define five major classes of experiments that are the 
mainstay of experimental archaeology, as summarised by Outram (2008): 
1.) Construct: 1:1 scale constructions that test a hypothetical design for a 
structure (e.g. house) based upon archaeological evidence. It is a hypothesis that 
literally stands or falls. 
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2.) Processes and function experiments: investigations into how things were 
achieved in the past. This includes investigations into what tools were for, how 
they were used and how other technological processes (e.g. tar rendering or pit 
storage) were achieved. 
3.) Simulation: experimental investigations into formation processes of the 
archaeological record and post-depositional taphonomy. 
4.) Eventuality trial: usually combining all three categories above, these are 
large-scale, often long duration, experiments that can investigate complex systems 
(such as agriculture) and chart variations caused by unexpected or rare 
eventualities (e.g. extreme weather). 
5.) Technological innovation: where archaeological techniques themselves are 
trialled in realistic scenarios. A good example would be the testing of geophysical 
equipment over a simulated, buried archaeological site. 
 
Outram (2008) goes on to describe what experimental archaeology is not, positing that 
there is little doubt that the term ‘experimental archaeology’ is closely associated in many 
people’s minds with re-enactment groups, outdoor education and public presentation 
centres, and other demonstrations of past life and technology. Outram reiterates 
Reynolds’ bluntly and acerbically clear view that these activities are not part of 
experimental archaeology. He concurs that from an academic point of view, it is clearly 
beneficial to maintain a clear distinction between what is ‘experimental’ and what is 
‘experiential’ (Outram, 2008).  
Forensic archaeology, by contrast, as alluded to by Hunter and Cox (2005) involves the 
transference of theory and underlying principles into an unusual context. Surveying 
terrain, using the information obtained to locate an archaeological site, surveying that 
site, planning and implementing an excavation, then recording the details of that 
excavation and most notably objects found relative to stratigraphy and context are all 
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familiar concepts and procedures to the field archaeologist. Interpretation of the resultant 
data allows the archaeologist to posit an explanatory chain of events that lead to those 
finds being where they were.  Archaeology becomes ‘forensic archaeology’ when these 
techniques are applied within the framework of forensic science. This is the application 
of (archaeological) science to the analysis and interpretation of physical evidence in 
criminal and civil litigation, often pertaining (not exclusively) to the recovery of human 
remains, be they the victims of crime, accident, or mass fatality incident (Sensabaugh, 
1986). It is at this juncture that forensic archaeology intersects with bioarchaeology, and 
thus forensic anthropology.  
Bioarchaeology, as defined by Larson is the application of osteological analytical 
techniques to skeletons (human or animal) excavated within the archaeological context to 
provide the most direct evidence of the biology of past populations, the study of which 
provides insight into health and well-being (and thus pathology), dietary history, lifestyle 
(activity), violence and trauma, ancestry, and demography from identifying 
characteristics such as age, sex, height and ethnographic markers (Larson, 2002). 
Forensic anthropology, as outlined by one of the discipline’s pioneers Dr William Bass in 
his 2003 book Death’s Acre, is the application of these same osteological techniques, in 
conjunction with knowledge of taphonomics, and the processes of human decomposition, 
to identify such victims, and furthermore where reasonably practicable, how, when, and 
where they died.  
When research is carried out in any of these forensic disciplines they invariably, in 
epistemological terms, intersect with the concept of experimental archaeology. It is here 
at this intersection that the research that has been conducted for this PhD can be placed in 
terms of the epistemological framework just outlined. Whilst the research conducted for 
this PhD was concerned primarily with mapping the periodicity of the immediate 
postmortem interval from the forensic perspective, in terms of experimental archaeology 
it can also be placed within Reynolds’ third and fourth experimental classifications, 
constituting both simulation and eventuality trial, with the caveat of simultaneously 
examining possible forensic applications.  
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5.1 Potential Applications of Techniques Used 
5.1.1 Colorimetric Analysis of Bone Staining  
The experimental results obtained appeared to corroborate Weiberg and Westcott’s 
premise that it is possible that colour could equalise between the fracture surface and the 
bone surface over time, thus creating the appearance of perimortem injury (Weiberg and 
Wescott, 2008). Absorption of light energy occurs when the subject compound, in this 
case resulting from haemolysis and/or putrefaction, has an electron promoted from its 
ground state to a higher level via a quantum permitted mechanism. The energy difference 
between the ground state and the excited state determines the wavelength of light 
absorbed, which in turn determines the wavelength of light reflected by the compound 
which is perceived by the human eye as colour that can be quantified according to the 
Munsell scale. Alterations in the molecular structure of the compound of the subject 
compound (such as those mediated over time by reduction, oxidation, substitution and/or 
lysis during soft tissue decomposition in the presence of soil with associated microbes 
and fungi) in turn alters its light absorption properties, and thus its colour as perceived by 
the human eye. Staining occurs when the subject compound adsorbs to a surface, 
fractured bone being the surface in question in the case of this research 
(https://www.nationaldiagnostics.com/histology, 2013). For example, haemoglobin, the 
iron carrying pigment of human blood which is red, when no longer in vivo as during soft 
tissue decomposition, saturates with available oxygen to become oxy-haemoglobin, auto-
oxidises to met-haemoglobin then denatures over time to haemachrome due to changes in 
the protein’s molecular configuration facilitating binding at its sixth ligand to available 
iron (Bremmer et al, 2011).  Haemachrome is coloured brown. Similarly protein and fat 
from organs, muscle and connective tissues decompose to volatile fatty acids in turn 
yielding phenolic compounds and glycerols, including indole, 3-methyl-indole, putrescine 
and cadaverine, some of the constituents of putrefaction fluid (Vass et al, 2002). 
Putrefaction fluid has been documented as staining bone yellow-red according to the 
Munsell scale (Hucalak and Rogers, 2009).    
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Progressive decomposition of bone may have an impact on its capillary action and thus 
the fracture surfaces ability to uptake staining from blood, muscle pigments, and/or 
putrefaction products. The lacunar-canalicular porosity of bone (such as the porcine 
cortical bone that is the subject of the research for this PhD) in vivo facilitates load 
induced displacement of interstitial fluid, particularly pertinent in the weight bearing long 
bones and the vertebral column (Ciani et al, 2009). This is believed to have two effects, 
the enhancement of solute transport vis-a-vis tissue maintenance, and activation of 
osteocytes via cytoskeletal deformation, contributing to bone’s mechano-sensory system 
(Ibid). The annular interstitial fluid space bounded by the mineralised matrix 
(hydroxyapatite) and the osteocyte cell processes are of the order of 100 nm. Vascular 
pores are approximately 5-70 µm in diameter in vivo. Water in the collagen-apatite 
porosity is believed to be bound (Ibid). Lacunar-canalicular porosity and vascular 
porosity of cortical bone are exposed when a fracture occurs (Schutkowski et al, 2009). 
Any remaining interstitial fluid is likely to be incorporated by percolating putrefaction 
fluid at the fracture surface, as is any bound water that would be released from collagen-
apatite as collagen decomposes (Ibid). It could be considered that this should increase 
bone porosity and uptake of staining. However as decomposition progresses, 
sedimentation and calcification occurs as putrefaction fluid precipitates, which suggests a 
mechanism for the decreased ability of bone at fracture sites to uptake stain as 
decomposition progresses (Ibid). The exposed surface porosity may become blocked by 
such precipitates, preventing further ingress by remaining putrefaction fluid. From the 
experimental results, statistically significant difference in colouration between 
perimortem and postmortem fracture surfaces occurred from 28 days (28 cumulative 
cooling degree days) onward. Points of crossover in colour variation between perimortem 
and postmortem fracture surfaces over time are evident (see results section 4.1), which 
effectively precludes analysing staining by blood and/or putrefaction fluid alone as a 
means of distinguishing between them.  
There are thus arguably similar implications when analysing bone trauma in the historic 
archaeological context, such as when examining individuals killed in battle (conflict 
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archaeology), or butchered animal remains (zooarchaeology). Apart from the issue 
already foregrounded, it must also be considered that bone stains may well be of differing 
taphonomic origin, or may even be antemortem. Examples of research that illustrate these 
points include work by Hucalak and Rogers who buried forty juvenile pig humeri with 
minimal tissue in differing deposition scenarios with an additional twenty controls in 
order to determine if the presence of decomposing soft tissue affects bone colour. They 
eventually determined that yellowish staining of bone can be due to ingress of the burial 
matrix (Hucalak and Rogers, 2009). With regards to the possibility of antemortem bone 
staining observed in the archaeological context, Jones demonstrated that a bright yellow 
stain on the right femur of an adult male skeleton from a Ptolemaic period burial 
excavated at Tell esh-Shuqafiya, Egypt, in 1982, was due to hematoidin, a degradation 
compound derived from haemoglobin associated with old haemorrhage (Jones, 2005). 
The specific location of the stain on the skeleton suggested death a few weeks after a 
severe injury to the thigh (Ibid). Both the experimental evidence from the research in this 
PhD, and that drawn from the wider literature, therefore indicates that the colour of bone 
staining (in particular that suspected to be due to blood) should not be relied upon in 
isolation to ascribing perimortem aetiology to bone trauma. The experimental results 
obtained suggest that utilising the colour of blood and/or tissue staining of bone fracture 
surfaces as an indicator of perimortem trauma may at best be limited to remains in the 
earliest stages of decomposition, and should only be considered as forensic evidence 
when corroborated in context with a known perimortem specific indicator such as 
histochemical testing for example, or possibly in eventual conjunction with other 
techniques, such as those outlined next.  
5.1.2 Perimortem vs. Postmortem Micro-cracks: Morphology in Cortical Bone 
Examining micro-cracks on fracture surfaces was the logical next step in elaborating 
from Outram’s fracture freshness index. In simple terms, this index is calculated by 
adding together scores of 0 to 2 that are awarded for each of the three criteria, fracture 
angle, fracture surface texture, and fracture outline, to give a total range of 0 to 6. For 
each criterion, a score of zero denotes a fresh-fractured bone, a score of one denotes a 
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specimen with mixed features, and a score of two denotes a mainly unfresh specimen. 
Outram specified that for a fracture angle, a score of 0 was given if no more than a 
notional 10% of the fracture surface was perpendicular to the cortical surface, 1 was 
given if between 10% and 50% was perpendicular and 2 was awarded if more than half 
the fracture surface was at right angles. For fracture surface texture, 0 was scored if the 
surface was entirely smooth apart from stress relief features, 1 was scored if there was 
some roughness but the texture was mainly smooth and 2 denoted a fragment with largely 
rough edges. Finally, for fracture outline, a score of 0 meant that there were only helical 
breaks, a score of 1 denoted a mixture of fracture outlines and a score of 2 meant an 
absence of helical outline (Outram, 2001). Weiberg and Wescott (2008) outlined that the 
majority of morphological characteristics used to differentiate between perimortem and 
postmortem fractures are actually discussed in terms of occurring in ‘green’ or ‘fresh’ 
bone versus ‘dry’ bone. They went on to point out that bones retain their moisture content 
and flexible collagen matrix well after death, which increases the interval during which 
skeletal fractures can occur while still exhibiting typical fresh bone or perimortem 
fracture characteristics. This could potentially make distinguishing between pathological 
events and early postmortem taphonomic events problematic. Weiberg and Wescott 
(2008) concluded that no single morphological characteristic of a skeletal fracture 
appeared to provide an accurate injury timing determination, and that as a result, 
anthropologists should use multiple characteristics that are weighted based on their 
accuracy.  
During the course of the research for this PhD, Karr (2015) returned to these points, 
positing that complex interrelationships between fractured bones and the taphonomic 
processes that affect bone assemblages over time, in conjunction with the environments 
to which these bones are exposed, represent critical aspects that need to be understood in 
order to assess broken bone assemblages. Karr pointed out that as bones degrade, their 
fracture morphologies change in consistent and predictable ways, resulting in a variety of 
potential bone fracture morphologies. These differences allow for the evaluation of 
fractured bone assemblages, and provide an interpretative basis for understanding the 
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time at which bones were fractured, with considerable implications for the interpretation 
of the archaeological record.  
It is the points Weiberg and Wescott have made (effectively reiterated by Karr) that the 
research conducted for this PhD has sought, at least in part, to address. Albeit a very 
useful analytical tool (it is still widely used and cited e.g. Stoessel, 2014; Karr 2015), 
Outram’s fracture freshness index is arguably biased towards the use for which it was 
developed i.e. the analysis of bone subject to butchery for human consumption, and 
furthermore it is fundamentally arbitrary and subjective in its scoring, which does not 
lend validity to subsequent inferential statistical analysis. This arguably has some 
implications for robust archaeological analysis of fractured bone, but more so in its 
analysis in the forensic context, wherein the probabilistic interpretation of such scientific 
data must be seen to be implemented for said data to be acceptable as expert testimony in 
a court of law. One pertinent example drawn from the forensic literature, a case study by 
Ubelaker and Adams (1995), illustrates the errors that can be made when applying 
analytical techniques founded upon such subjective interpretation. They noted that human 
skeletal remains discovered at a construction site in Georgia displayed classic ‘butterfly’ 
fractures on several long bones but pointed out that although this fracture pattern is 
usually associated with perimortem trauma, in this case taphonomic indicators 
demonstrated that they can also occur on dry defleshed bone (Ubelaker and Adams, 
1995).  
Changes in micro-crack morphology resultant of standardised blunt force trauma during 
soft tissue decomposition were considered likely to be indicative of cogent changes in the 
structural and mechanical characteristics of the experimental porcine bone samples 
during the earliest phase of decomposition. For this PhD, bone was considered from the 
mechanical perspective as a fibre reinforced composite material, with osteons modelled 
as fibres (Najafi et al, 2007). Further to this, bone is essentially a porous composite 
material. Osteons in fresh perimortem bone contain tissue fluid, which may be replaced 
by putrefaction fluid under capillary action as soft tissue decomposition progresses, 
becoming either an empty channel or one occluded by precipitated putrefaction fluid 
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residues as water is progressively lost (Charlier et al, 2008; Child, 1995). The cement line 
of the osteon itself has been posited by Burr et al to be partly demineralised compared to 
surrounding cortical bone. As it contains sulphated mucoids, the cement line is likely to 
be lost as decomposition progresses (Burr, 1988). The literature shows that micro-cracks 
deviate around osteons, with Najafi et al determining that this deviation reduces as the 
elastic modulus of osteons decreases, which occurs when the osteon and/or cement line 
softens (Najafi et al, 2007).  
This may arguably be the case in a dehydrated osteon where sulphated mucoids have 
been lost from the cement line. This provides a possible mechanism for the increase in 
micro-crack length observed as decomposition progresses in the experimental porcine 
bone samples used for this PhD research, which appeared to be a net effect common to 
both the surface and burial deposition scenarios. If this mechanism is underpinning the 
observed increase in micro-crack length, the fibre reinforcement of the bone composite in 
structural terms would effectively be lost, so micro-crack trajectory would be less 
impeded as the stress field (damage zone) spreads from the point of impact of blunt force 
trauma (see figure 5b). Collagen fibre density in cortical bone is lowest in the interstitial 
‘seams’ between concentric lamellar layers (see figure 5a), and according to research by 
Reznikov et al, these fibres are also comparatively less mineralised in these regions 
(Reznikov et al, 2013).  
Collagen would be dissipated further as it lyses during progressive decomposition, 
decreasing structural integrity, providing a further path of least resistance to propagating 
micro-cracks (Najafi et al, 2007; Vashishth et al, 2000). This may be a possible 
explanation as to why micro-cracks were observed to track between lamellar layers in 
cortical bone as decomposition progressed. These changes were evident, if less marked, 
in comparing perimortem and taphonomic trauma in human bone, from the samples cast 
from the medieval, Anglo-Saxon and Nubian human remains collection from the Natural 
History Museum of London.  
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Fig 5a Bone Micro-Anatomy, reproduced from 
http://www.ufrgs.br/imunovet/molecular_immun
ology/muscles.html 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5b: Relationship of Main Crack to 
Stress Field or Damage Zone sourced 
from 
http://www.intechopen.com/books/carbon-
nanotubes-growth-and-
applications/mwcnt-used-in-orthopaedic-
bone-cements 
 
 
 
As well as an increase in net length as decomposition progressed, the micro-cracks on the 
fractured cortical bone surfaces of the experimental porcine samples in both burial and 
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surface deposition scenarios also exhibited a change in morphology from a large 
prevalence of three cracks emanating from a point, to a more linear format. These were 
again observed on the fracture surfaces of the human remains subjected to known 
perimortem trauma, and were negligible to absent on those subjected to taphonomic 
damage. It has already been mentioned that in fresh bone, the Haversian canals at the 
centre of osteons are filled with tissue fluid which may well be replaced with putrefaction 
fluid (at least in bone damaged by trauma) by capillary action during the early stages of 
soft tissue decomposition. Fluid filled osteons and their associated networks of canaliculi, 
then, especially a concentration of them, having a lower relative density compared to 
surrounding cortical bone, may provide a focal point for the stress field, or damage zone, 
spreading from the large crack tip emanating from a point of impact (see figure 5b). This 
is cogent with the theory of critical distance as applied to bone, which demonstrates that 
the elastic stress distribution when a load (read standardised impact force equating to 
blunt trauma in this context) is applied to said bone is greatest at the boundary of a stress 
concentration feature and dissipates with increasing distance from it (see figure 5c).  
 
Fig 5c: Critical Distance Ratio: reproduced from Kasiri and Taylor, 2008. Failure, such as a 
micro-crack, is predicted to occur if the stress applied (such as blunt force trauma) exceeds a 
critical value δ0 at a certain distance, rc, from the notch (read osteon or concentration of osteons 
and associated canaliculi in the context of the research here), where rc equates L/2 and L is the 
critical distance parameter equating to 2 rc. A relationship exists between these two parameters 
and the fracture toughness of the material (in this case fresh bone), Kc, as follows: L = 2 rc = 
1/π(Kc/ δ0)2 with L as a material constant. 
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Ergo a stress concentration feature in bone is a focus for micro-crack propagation 
outward from the centre of that feature, when such a load (force) is applied. The length of 
the micro-cracks in the fresh experimental bone samples, those of 28 cumulative cooling 
degree days’ decomposition, and those observed in the casts of the human perimortem 
bone trauma samples, were of the order of less than 0.4mm. This, again, is what would be 
expected according to the theory of critical distance as applied to bone (Kasiri and 
Taylor, 2008). This effect provides one possible mechanism for the observed three cracks 
emanating from a point in the fresh porcine and early decomposition porcine bone 
samples, and those observed in the perimortem human bone trauma casts. As the 
(concentrations of) osteons, and notably the Haversian canals and canalicular networks 
they contain, become progressively more occluded with comparatively denser 
precipitated putrefaction residues (Charlier et al, 2008; Child, 1995), and possibly 
materials that have ingressed from the deposition matrix, the stress concentration effect 
may become mediated as from a mechanical perspective the bone becomes structurally 
more homogenous, cogently altering the trajectory of propagating micro-cracks resulting 
from any applied trauma (Kasiri and Taylor, 2008; Najafi et al, 2007; Vashishth et al, 
2000). As decomposition progresses, collagen and water are lost from the bone, so 
fracture toughness Kc and the critical distance parameter L may again change as 
decomposition progresses.  
Having examined changes in micro-crack length, linearity, grouping and intersection on 
fracture surfaces, it was decided that changes in micro-crack length in particular provided 
an apparently predictable quantifiable metric that could be tested in terms of statistically 
significant differences pertaining to a given timeframe in the postmortem interval. 
Relatively low magnifications were able to be utilised with the scanning electron 
microscope in order to survey wider areas of the fracture surfaces of the experimental 
porcine bone samples and the casts of the human remains used for comparative case 
studies. It was determined that observed changes in micro-crack morphology on fractured 
bone surfaces subsequent to blunt force trauma, cannot in isolation be used as a 
perimortem trauma indicator, as these changes became more readily apparent after 28 
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cumulative cooling degree days. However, as the changes in micro-crack morphology do 
appear to be time limited with regards to progressive decomposition (of soft tissue and 
possibly the bone itself) there is potential that they could be utilised to tie SEM analysed 
bone trauma to at least the earliest phase of decomposition, inclusive of the possibility of 
perimortem bone trauma. These changes were apparent in comparing human perimortem 
and taphonomic bone trauma from the casts taken of human remains from the Natural 
History Museum of London’s collections. Casting prior to SEM analysis, in particular 
facilitates a relatively rapid yet reliable, non-destructive survey of suspect bone trauma. It 
can be conducted in the field and moulds and/or casts dispatched to the laboratory for 
analysis whilst ongoing fieldwork progresses.  
This technique thus has potential in narrowing down the postmortem interval, and 
determining if trauma is likely to be perimortem within the context of a time limited 
forensic investigation where it is important not to damage, or alter, bone recovered as 
evidence. This caveat is just as applicable to the archaeological setting where it is equally 
as important not to damage human (or indeed animal) remains of historical and/or 
cultural importance, as demonstrated by Lesnik’s (2001) textural casting of hominin 
remains. From an experimental archaeological perspective, the methods that have been 
outlined can be used as an adjunct to investigating mechanisms of bone trauma in 
replication tests, for instance the application of sharp and/or blunt force trauma, as well as 
the application of tensile and compressive forces, to fresh and/or decomposed bone, in 
discerning perimortem from taphonomic damage. Finally from a wider cultural 
perspective, such non-destructive testing is less likely to be offensive to the belief 
systems of those who have a cultural (and in the forensic context, indeed emotional) 
attachment to the human remains under investigation.  
5.1.3 Changes in Vickers Hardness in Bone during Soft Tissue Putrefaction 
The ratio of tangential to longitudinal Vickers macrohardness (HV) in bone does appear 
to have some potential as a forensic indicator of time of deposition with regards to bone. 
This change in ratio appeared consistent for both surface and shallow burial deposition 
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scenarios. The anisotropic changes in HV, as evidenced by the thermogravimetric study, 
appear to be linked to dehydration of the bone. To posit a mechanism for these 
anisotropic structural changes, we refer back to the seven level hierarchical organisation 
of the structure of bone as a composite material, summarised by Weiner and Wagner 
(1998). The research for this PhD was concerned primarily with the first four levels of 
this hierarchy in the context of this experiment.  
The first level of organisation in bone is that comprising its component materials. Less 
than 10% of bone is comprised of non-collagenous proteins, and lipids, some of which 
may contribute to mechanical function. Type I collagen fibrils, consisting of three 1000 
amino acid polypeptide chains wound together as a cylindrical triple helix of an average 
1.5nm diameter and 300nm length form the major part of the organic component of bone 
(Ibid). These become mineralised by the second major component, plate shaped 
hydroxyapatite crystals of an average length of 50nm and average width of 25nm. The 
third major component, water, is located within the fibril, gaps between fibrils (and 
fibres), and between triple helical molecules (Ibid). The association of collagen and 
hydroxyapatite constitutes the second level of organisation, the mineralised collagen fibril 
building block (Ibid). These are then organised at the third level, fibril arrays aligned 
along their length, which are in turn organised at the fourth level in the cortical bone of 
interest here, in discrete layers of differing fibril orientation and thickness, the lamellae 
running in the longitudinal axis of the bone. This is referred to by Weiner and Wagner as 
plywood like structure (Ibid).  
Weiner’s earlier work with Ziv demonstrated that this isotropic structure showed 
anisotropy with regards to microhardness in rat tibiae, with the greater value associated 
with the transverse axial plane (Ziv et al, 1996). The same net difference was noted in the 
T0 experimental porcine bone samples, and to a lesser extent in the comparative 
(perimortem analogue) human bone samples. The fifth level of organisation is that of the 
channels that permeate the bone, the osteons and their associated canaliculi, and the sixth 
constitutes the differentiation between cortical lamellar, and spongiform trabecular bone 
(see section 1.5). The final level of organisation refers to whole intact bone (Ibid). As 
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mentioned in the introduction to this thesis, Boivin et al’s subsequent comparative study 
on osteoporotic and osteomalacic patients (sampling calcanei and iliac biopsies) 
determined that Vickers microhardness in bone is strongly correlated to mineralisation, 
but the organic matrix accounts for about one third of its variance (Boivin et al, 2008). 
What must now be considered is what is being lost during the soft tissue decomposition 
period that results in a net increase in tangential HV relative to a net decrease in 
longitudinal HV, resulting in the strong correlation for the ratio between them for both 
deposition scenarios? Progressive dehydration was shown to occur in the 
thermogravimetric analysis study. The changes may be occurring in the organic matrix of 
the bone, affecting collagen microfibrils, and/or structurally significant non-collagenous 
peptides. The degree of mineralisation was apparently not affected, according to the 
results of the ICP-OES experiment. Dehydration may in part explain the changes in HV 
observed which in turn may also contribute to the changes in micro-crack patterns 
observed during soft tissue decomposition effected by blunt force trauma, discussed 
previously.  
Let us first consider the possible effects of progressive dehydration upon decomposing 
bone during the period of soft tissue decomposition. Pineri et al’s seminal 1978 paper on 
water-collagen interactions (using rat tails as the experimental material) defines five 
regimes of water fixation to collagen, each with a discrete association, predicated upon 
hydrogen bonding (Pineri et al, 1978). The hydrogen bond is an attractive interaction 
between the hydrogen atom from one group and another atom or group of atoms in the 
same or an adjacent molecule; in this case between water and water or between water and 
collagen (see figure 5d). Hydrogen bond energies range in strength from the strongest 
having covalent character, to the weakest which are slightly stronger then Van der Waal’s 
interactions in the order of >-40 to <-2 Kcal/Mol, respectively (Wendler et al, 2010). The 
first regime is that of triple hydrogen bonding inside the collagen triple helix molecule, 
associated with hydroxyproline at distinct sites (Pineri et al, 1978). The second regime is 
that of double hydrogen bonding between water molecules at available sites within the 
collagen triple helix molecules, resulting in a small increase in the rigidity modulus of 
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collagen (Ibid). The third regime is that of double hydrogen bonding of the water 
molecules between the collagen triple helix and between collagen microfibrils (the 
second level of organisation) which was found by Pineri et al to be responsible for a large 
increase in the rigidity modulus of the collagen. The fourth regime was posited as water 
fixed by one hydrogen bond between the microfibrils, or water fixed in the ‘hole zones’ 
adjacent to the ends of tropocollagen molecules, which was found to have no effect on 
the rigidity modulus of collagen at lower temperatures (read ambient environmental 
temperature for the purposes of the research here). The final regime was posited as free 
water between collagen microfibrils, responsible for a decrease in rigidity modulus of 
collagen at 0˚C only, i.e. the freezing point of water, which would arrest the progression 
of soft tissue and bone decomposition (Ibid). 
 
Fig 5d: Illustration of 
Hydrogen Bonding in 
Collagen, reproduced 
from Jamieson D, at 
http://web.sls.hw.ac.u
k/teaching/Derek_J/A
13MM1-
web/Lectures/files/coll
agen/index.html 
 
 
It is the third regime that is interest. Dubey and Tomar’s work on atomistic interactions at 
transverse and longitudinal tropocollagen hydroxyapatite interfaces posits that hydrogen 
bond density between mineralised collagen microfibrils in bone is greater in the 
transverse axis than the longitudinal axis, which they determined by simulating applied 
stress to molecular dynamics computer models of un-hydrated and hydrated mineralised 
collagen in bone, to determine said density as a function of strain, illustrated in figure 5e 
(Dubey and Tomar, 2013).  
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Fig 5e: Hydrogen Bond Density and Response to Applied Stress in Molecular Dynamics 
Computer Model of Bone reproduced from Dubey and Tomar, 2013. 
 
In applying Dubey and Tomar’s model to Pineri’s third regime with regards to the 
experimental results obtained for HV, considering variation in hydrogen bond energy, it 
can be posited that the net decrease in longitudinal HV and net increase in tangential HV 
observed in the experimental porcine bone samples during soft tissue decomposition (as 
the bone sample deforms in shear at the site of indentation) may possibly be related to 
changes in hydrogen bonding between mineralised collagen microfibrils as dehydration 
progresses. This was further investigated in the thermogravimetric study (see later). 
Anisotropic properties of mineralisation of the collagen microfibrils must now be 
considered in relation to changes in HV of bone during soft tissue decomposition. As 
mentioned earlier, Boivin et al’s work on Vickers microhardness in human bone 
determined that the microhardness of the organic matrix alone i.e. osteoid (collagen 
microfibrils) was three times lower than adjacent calcified matrix (Boivin et al, 2008). 
The hydroxyapatite crystals embedded in the collagen matrix that account for this 
mineralisation have themselves been shown to be mechanically anisotropic, having 
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greater Vickers microhardness in the basal facet than the prism facet, with corresponding 
toughness, as demonstrated by Viswanath et al’s Vickers microindentation experiments at 
an average of 0.40 (basal) and 0.65 MPa m0.5 (prism), for a 2mN load applied to isolated 
single hydroxyapatite crystals (Viswanath et al, 2007). Further to this they determined 
that hydroxyapatite crystals (see figure 5f) in bone align the prism facet along the length 
of the bone, thus conversely imparting higher compressive stiffness and hardness to the 
width of the bone that is aligned with the basal facet (Ibid).  
 
 
 
 
 
 
Fig 5f: Hydroxyapatite Crystals in Bone 
reproduced from Wile JL at 
http://blog.drwile.com/?p=3656 
 
As alluded to earlier, changes to the organic matrix of bone during soft tissue 
decomposition may also have an influence on HV and possibly micro-cracking 
characteristics also.  Considering its structural significance as outlined above, any loss of 
collagen during decomposition is likely to have a deleterious effect on the overall 
structural cohesion of the bone. As with possible changes in hydration, this was 
investigated further in the thermogravimetric analysis study (see later). The role of non-
collagenous proteins in the structural integrity of the organic matrix of bone, such as 
osteocalcin, osteonectin, osteopontin and sialoprotein, is linked to facilitating 
mineralisation, i.e. the formation of hydroxyapatite crystals. Thus they should not in any 
likelihood contribute to changes in HV in decomposing and therefore ex vivo bone. 
However, the possibility that declining levels of non-collagenous proteins correlates to 
the progression of soft tissue, and underlying bone, decomposition has been investigated 
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for completeness (see later discussion on the zoological mass spectrometry experiment). 
Zwierzak et al (2009) determined that, in terms of Vickers microhardness, human cortical 
bone (two fresh human femurae were examined) showed no significant differences in 
hardness values measured at different distances from the Haversian canal edge except for 
those closer than 60 μm. This indicated that there may be some anisotropic uniformity to 
this property. During the course of the research conducted for this thesis, work by 
Jordana et al (2013), on characterising pig cranial fractures sustained under known impact 
conditions, utilised an impact machine (mobile carriage guided by columns) to perform a 
fracture at the same energy level on fresh and dry skulls, with two types of impactor: a 
sharp striker (n = 50) and a blunt striker (n = 50). They observed distinct features under 
different conditions, including osseous flakes on fresh bones, 90° fracture angles on dry 
bones, and more fractures with greater fragmentation on dry bones. This is further 
evidence that changes in the mechanical and/or structural integrity of bone does occur 
during soft tissue putrefaction, so investigating changes in Vickers hardness during this 
phase of the postmortem interval (in conjunction with other properties of bone) was a 
logical step to take.  
With regards to a practical application of the research on Vickers hardness for this PhD, 
HV testing in the field has been a mainstay of materials science research and safety 
regulation compliance in industry for many years. Portable HV testing machines are 
routinely used to field test Vickers hardness of items ranging from gas cylinders (Koerner 
et al, 2015), to pipeline welds (Yano et al, 2014), to rail steel (Harzallah et al, 2012) when 
examining structural integrity (See Fig 5g). It is feasible that such equipment could be 
used in the field to test fragmented bone in forensic investigations to narrow down 
periodicity within the postmortem interval, once further experimentation to verify 
consistency of results, especially with regards to damage inflicted upon human bone in a 
variety of deposition scenarios and climactic conditions, has been conducted. For obvious 
reasons, there would be no real field application of this technique for examining human 
remains in the purely historical archaeological context. However, there would be some 
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merit in its utilisation in the experimental archaeological context when investigating 
taphonomic changes, such as compressive damage to bone to posit an example. 
   
 
Fig 5g: Portable hardness tester MH310, Mitech Co.Ltd, 2015. 
 
5.1.4 Thermogravimetric Analysis: Changes in Hydration in Decomposing Bone 
The apparent correlation between the changes in ratio of tangential to longitudinal 
Vickers hardness4 with the peaks of water loss between 22 and 100 ˚C noted during 
thermogravimetric analysis (TGA) of the current samples, suggested there may be more 
water between collagen microfibrils at these times during decomposition of overlying soft 
tissue. This correlation demonstrated potential for further research to develop it as a 
possible forensic indicator of (corpse) deposition time within the soft tissue putrefaction 
period (Tomassetti et al, 2013). To apply Pineri’s water-collagen binding interaction 
                                                          
4 2.42:1 with soft tissue present and signs of minimal decomposition associated with a decomposition 
period of 250 cumulative cooling degree days or less, and 1.53:1 associated with marked decomposition 
indicating a decomposition period of 1450 cumulative cooling degrees or more. 
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hierarchy, water lost in this temperature range (less was lost in the freeze dried control 
samples as was to be expected, but also indicated that even with seven days freeze drying, 
water remained adsorbed within the bone) could be posited as having mainly weaker 
hydrogen bonds, such as those between water molecules. This would equate to the 
second, third and final regimes in Pineri’s framework i.e. water between collagen 
microfibrils (2nd), double hydrogen bonding of the water molecules between the collagen 
triple helix (3rd), and free water between collagen microfibrils (final). Water between 
collagen microfibrils in particular was found by Pineri et al to be responsible for a large 
increase in the rigidity modulus of the collagen (Pineri et al, 1978).  
Referring back to applying Dubey and Tomar’s model to Pineri’s third regime with 
regards to the results obtained, and considering variation in hydrogen bond energy 
(Dubey and Tomar, 2013; Pineri et al, 1978; Wendler et al, 2010), this arguably points to 
possible further evidence that the change in Vickers hardness (HV) in the experimental 
porcine bone samples during soft tissue decomposition may be linked to breakdown of 
hydrogen bonding between mineralised collagen microfibrils as dehydration progresses. 
This suggests there may be more water between collagen microfibrils at these times 
during decomposition. Water lost in the 100 to 220˚C temperature range could be posited 
as having stronger hydrogen bonds, such as those between water molecules and collagen, 
equating to Pineri’s first regime i.e. that of triple hydrogen bonding inside the collagen 
triple helix molecule, associated with hydroxyproline at distinct sites. The second regime 
is that of double hydrogen bonding between water molecules at available sites within the 
collagen triple helix molecules, resulting in a small increase in the rigidity modulus of 
collagen (Pineri et al, 1978). As referred to earlier, the results obtained from the TGA 
experiments for this PhD suggested that water content changes with increasing 
cumulative cooling degree days’ decomposition (Tomassetti et al, 2013). A limited 
negative Pearson’s correlation suggested some interdependence between water desorbed 
between 22-100˚C and that desorbed between 100-220˚C. There was a limited positive 
Pearson’s correlation between water desorbed between 100-220˚C and the thermal 
decomposition of collagen. There was no discernible clustering of data pertaining to the 
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experimental porcine bone samples according to surface or burial deposition scenario, but 
there was clustering occurring at 0-551 and 551 CCDD+ cumulative degree days’ 
deposition. If considered in conjunction with Pineri’s water-collagen binding interaction 
hierarchy, this again suggests there may be more water between collagen microfibrils at 
these times during decomposition and that water adsorption to collagen via hydrogen 
bonding may be stronger at these times (Pineri et al, 1978; Dubey and Tomar, 2013).   
In Weiberg and Wescott’s (2008) study ‘Estimating the Timing of Long Bone Fractures: 
Correlation between the Postmortem Interval, Bone Moisture Content, and Blunt Force 
Trauma Fracture Characteristics’, 60 porcine long bones were exposed to natural 
taphonomic conditions and fractured with a steel bone breaking apparatus every 28 days 
throughout a 141-day period, which inspired some of the research for this PhD. 
Differences between macroscopic blunt force trauma fracture characteristics (fracture 
angle, surface morphology, and outline) were examined by Weiberg and Wescott to 
determine if they varied over time or in relationship to bone moisture content, by 
analysing ash weight. They found that there were significant relationships between 
postmortem interval and percentage ash weight, between fracture surface and fracture 
angle and percentage ash weight, and finally between fracture surface and fracture angle 
(Weiberg and Wescott, 2008). The results from the experiments conducted in the course 
of the research for this PhD suggested a similar correlation between changes in micro-
crack characteristics on bone fracture surfaces and dehydration of bone during soft tissue 
putrefaction as determined by thermogravimetric analysis. Weiberg and Wescott 
concluded that bone moisture content correlates significantly with fracture morphology 
and other characteristics commonly used by forensic anthropologists to determine the 
timing of traumatic injuries, but fracture characteristics normally associated with 
perimortem trauma can however persist long into the postmortem interval (Ibid).  
The results from the TGA and micro-crack experiments for this PhD arguably concur 
with both points. Technically speaking, analysis of moisture content in bone, either by 
ashing, or thermogravimetric analysis as undertaken for the research for this thesis, could 
with further research, be developed as an indicator of postmortem interval in the forensic 
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context, albeit this would not be as simplistic as a time versus water content linear 
correlation, and would perhaps best be employed to corroborate another method, such as 
Vickers hardness testing for example. These are destructive tests, so in the forensic 
setting, the sample would have to be taken from recovered bone not of value in another 
evidential context, such as a trauma site. There is currently little scope to attempt such an 
analysis in the field, as TGA instrumentation at present is not portable, and the procedure 
is time consuming, so it is by necessity laboratory based. In terms of archaeological bone 
testing, there would arguably be scope for utilising TGA for determining the moisture 
content of bone of differing ages, from a variety of deposition scenarios, taking into 
account long term climactic conditions, to correlate, if possible, against the observed 
degree of preservation. As it is a destructive test, as in the forensic setting, its use would 
have to be justified on a case by case basis, taking into account factors such as the 
perceived historical importance of the human remains in question and associated cultural 
belief systems. This may be less of an issue in the zooarchaeological context for obvious 
reasons. A long term archaeological experiment to investigate these parameters utilising 
porcine carcasses could be considered, where destructive testing would not be an issue.  
There is however, prolific evidence for the use of thermogravimetric analysis as an 
analytical tool for the archaeological analysis of bone (even ancient bone) in the 
literature, so there is precedence for such destructive testing when justified. An example 
of this would be the use of TGA to examine collagen content in fossil bone. Two 
particularly salient examples come from the work of Tomassetti et al. In Tomasetti et al’s 
(2013) “Study of modern or ancient collagen and human fossil bones from an 
archaeological site of middle Nile by thermal analysis and chemometrics” the 
thermogravimetric (TG-DTG) curves were recorded for 23 different samples of human 
fossil bones from the El Geili necropolis. Their accurate analysis of mass lost from the 
samples examined at different temperatures during a linear thermal scan between 25 °C 
and 1000 °C in dynamic air afforded a data set consisting of the thermal parameters of the 
decomposition processes of collagen and carbonate (Tomassetti et al, 2013). They then 
processed this data set by standard chemometric techniques. Their results indicated the 
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possibility of formulating an ‘archaeometric’ assessment that would take into account the 
often untied conclusions reported in the literature, predicated upon the differences in 
collagen thermolysis between modern and ancient bone (Ibid). Tomassetti et al followed 
this with their (2014) study, “Classification of ancient human fossil bones, with particular 
attention to their carbonate content, using chemometrics, thermogravimetry and ICP 
emission”, performing their posited archaeometric assessment, and determining via a 
principal component analysis of the data (on collagen thermolysis) that showed that two 
clusters were observed, attributable to samples of different antiquity. In addition to this, 
inductively coupled plasma emission spectroscopy showed that Tomassetti et al’s 
samples in the cluster that corresponded to more recent burials were also characterised by 
a comparatively higher zinc content which suggested that those individuals had a more 
varied diet (Ibid). As ICP-OES is a destructive test, again, justification for its use has to 
be on a case by case basis when analysing archaeological bone, or bone samples 
pertaining to a forensic investigation. This technique will be discussed next.  
5.1.5 Inductively Coupled Plasma Emission Spectroscopy: Elemental Profiles  
The data obtained from the ICP-OES experiment for this PhD does suggest there is 
potential for ICP-OES to be utilised in forensic testing of iron and potassium elemental 
concentrations and to a lesser extent sodium elemental concentrations, in decomposed 
bone samples, in positing time since deposition during the soft tissue putrefaction period 
of the postmortem interval. Iron storage in the human body, and similarly in pigs, 
according to the literature can be compartmentalised as essential (haemoglobin, 
myoglobin, heme enzymes, cofactor and transport iron i.e. transferrin) and non-essential, 
which is stored in the liver, spleen and bone marrow (as part of the conjugated proteins 
ferritin and hemosiderin) (Munoz et al, 2009; Ezzo, 1994). Little iron is incorporated into 
bone, and it has been suggested it is present largely as a surface bound contaminant 
(Ibid). With regards to the research at hand, lysis and subsequent decomposition of iron 
conjugated storage proteins (in extracellular fluid and/or blood) may account for the 
initial increase and subsequent sharp decrease in iron concentration observed in the early 
stages of soft tissue putrefaction in the experimental porcine bone samples, with the 
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residual concentration subsequent to 500 cumulative cooling degree days accounted for 
as just such an incorporated ‘contaminant’. Potassium and sodium are located primarily 
in the extracellular fluid in bone (Ibid). The observed overall decrease in the 
concentration of these elements in the experimental porcine bone samples in both the 
surface and burial deposition scenarios, with increases observed at 500 and 1000 
cumulative cooling degree days, can thus be viewed as a function of progressive 
dehydration of the bone during soft tissue putrefaction. Any residual amount immediately 
subsequent to this process may have come out of solution.  
This data is in agreement with peaks of water desorption and corresponding peaks in 
Vickers hardness noted at these points during the decomposition of soft tissue, in the 
other experiments conducted for this PhD (Ezzo, 1994). This would also explain the 
correlation between iron and potassium levels if both are associated primarily with the 
extracellular fluid. Magnesium in vivo is critical in the mineralisation of bone, in 
association with calcium and phosphorus. Any dietary deficit of magnesium is known to 
have a severe negative impact on this process (Ibid). Up to 66% of the bodily store of 
magnesium is surface bound in bone, but very little becomes incorporated in the 
hydroxyapatite lattice, with little available for exchange with serum magnesium (Ibid). 
As its elemental concentration in the experimental porcine bone samples used in the 
course of the research for this PhD varied closely around a mean of 0.34% throughout 
soft tissue putrefaction, this suggested surface binding was relatively stable during this 
process and thus magnesium levels would be of little value as a forensic indicator of PMI 
in this context. The primary metabolic function of zinc is as a metalloenzyme cofactor 
integral to stabilising cell membranes (Ibid). There is evidence to suggest that zinc 
undergoes heteroionic exchange with calcium with limited incorporation into the 
hydroxyapatite matrix (Ibid). Zinc has also been posited as a factor in collagen cross-
linking in the organic phase of bone, as well as being associated with serum proteins (Zip, 
Zrt, Irt), whose chelating properties may prevent serum zinc from entering interstitial 
fluid in bone (Tang et al, 2009). This may explain its relatively low abundance in bone 
compared to its abundance as a trace metal in human (and porcine) metabolism (Ibid). 
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The variable levels of zinc evident in the experimental porcine bone samples used for the 
research for this PhD during soft tissue putrefaction, suggested that there is little validity 
in using zinc concentration as an indicator of time since deposition in the forensic 
context.     
For longer term decomposition in a surface or burial deposition, demineralisation of bone 
as a composite organic matrix could occur in three main ways, chemical deterioration of 
the organic phase, such as that mediated by extremes of pH, chemical deterioration of the 
mineral phase such as that mediated by (dynamic as opposed to static) waterlogged 
deposition, and biological deterioration mediated by microbial and/or fungal enzymes etc. 
(Collins et al, 2002; Ehrlich et al, 2008). It would be the latter that would likely have 
most effect during the putrefaction of soft tissue. From the results observed for this 
particular experiment, demineralisation of (the porcine samples of) bone in this time 
frame appears to be subtle, and limited to those elements that are not fully incorporated 
into hydroxyapatite, i.e. those elements that are associated with (extracellular) tissue fluid 
within the bone (Ibid). Earlier spectroscopic analysis on medieval human bone and 
associated burial matrices by Schutkowski et al determined that diagenetic alteration of 
the element content of bone can be regarded as negligible and that detected 
concentrations represent in vivo concentrations (Schutkowski et al, 1999).  
From the experimental results obtained for this PhD research it must therefore be posited 
that subtle but detectable changes to at least some of these concentrations occur during 
soft tissue putrefaction. The gauze described in methods and materials used to provide a 
porous interface with the deposition environment negated the need for substantial 
cleaning of the bone and thus minimised the possibility of associated contamination. Soft 
tissue remnants were easily removed by hand and mechanical and chemical cleaning was 
avoided (Lambert et al, 1991). Grupe surveyed contemporaneous literature to determine 
that element concentrations in bone (in particular those referred to above, pertinent to 
dietary uptake) are known to vary between anatomical loci, and more so between cortical 
and trabecular bone (Grupe, 1988). Further to this Grupe examined samples taken from 
250 human skeletons excavated in Schleswig, Northern Germany, by neutron activation 
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analysis and plasma emission spectrometry (Ibid). In agreement with Schutkowski and 
Herrmann’s subsequent research (Schutkowski et al, 1999), Grupe posited that cortical 
bone is less prone to diagenetic influences and that elemental concentrations are least 
variable along the diaphyses of the femur and tibia (Grupe, 1988). In agreement with 
Grupe’s work, the experimental samples in the research for this PhD were sourced from 
the cortical bone of the long bones of the legs (both porcine samples and human 
comparatives), with the trabecular bone removed. Internal and external surfaces were 
avoided in terms of sampling, in order to promote consistency.  
To develop a forensic test, comparison between the bones of different sets of 
decomposing porcine carcasses utilising ICP-OES would therefore have to sample 
different anatomical loci, before eventually repeating the same experiments on 
decomposing human remains, in order to eventually prove valid in that context. From the 
results obtained, it has been shown that ICP-OES elemental profiling has potential to be 
developed as a forensic test for determining if a bone sample, for instance if 
disarticulated, is in the early stages of soft tissue putrefaction (up to 500 cumulative 
cooling degree days), by examining iron, sodium and potassium concentrations 
associated with proteins and/or tissue fluids within the bone (Ezzo, 1994). If the results 
prove consistent after further tests on bone sampled at 28 day intervals from different 
anatomical loci within intact porcine carcasses (and eventually human cadavers) during 
soft tissue putrefaction from different deposition scenarios under varying climactic 
conditions, then the possibility for developing a rapid forensic field test (to narrow down 
the post interval estimate) already exists in the form of portable (vehicle based) ICP-OES 
equipment. An example of such a device is depicted in Fig 5h, below, from Teledyne 
Leeman Labs, which is currently used for purposes such as environmental pollution 
testing. Again, as ICP-OES constitutes a destructive test, the caveat again applies i.e. the 
sample would have to be taken from recovered bone not of value in another evidential 
context. Further to this, to make a pertinent digression, the use of ICP-OES to determine 
the concentration of particular elements in bone can arguably already be seen to intersect 
at the epistemological junction of industrial archaeology, geographical profiling, and 
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forensic anthropology. A salient example evidencing this intersection from the literature 
is Fischer et al’s study “The Study of Barium Concentration in Deciduous Teeth, 
Impacted Teeth, and Facial Bones of Polish Residents”. Their study covered the 
population of children and adults (aged 6–78) living in an industrial area of Southern 
Poland (Fischer et al, 2014). Facial bone and teeth samples were subjected to the 
following preparation: washing, drying, grinding in a porcelain mortar, sample weighing 
(about 0.2 g), and microwave demineralisation with spectrally pure nitric acid (Ibid). The 
concentration of barium in samples was determined using ICP-OES and showed that the 
level of Ba increased with in line with the increasing age of the respondents in the case of 
impacted teeth and facial bones (ibid). This technique can thus be seen to have potential 
in tying a bone sample to a particular locus (similar to stable isotope testing), and 
analysing progressive contamination. Fischer et al’s research therefore can be seen to 
demonstrate the wider potential of this technique with regards to forensic anthropology. 
 
 
Fig 5h: The Transportable Simultaneous ICP-OES Designed for Truck and Ship Based 
Laboratories; https://www.teledyneleemanlabs.com/products/icp/transportable/index.asp, 2015. 
 
5.1.6 Zoological Mass Spectrometry: Non-Collagenous Peptides and Immediate PMI 
As discussed earlier, collagen constitutes more than the 90% of the organic matrix in 
bone and is made up of three polypeptide chains composed mainly of glycine, alanine, 
proline and hydroxyproline. Collagen is characterised by a triple helical region which is 
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assembled into the characteristic tertiary structure, fibrils, that are embedded in a ground 
substance that also contains proteoglycans, glycoproteins, and phosphoproteins such as 
osteopontin, sialoprotein, osteonectin and osteocalcin, which is in turn mineralised by 
inorganic crystalline hydroxyapatite (Catanese et al, 1999). Collagen peptides are 
preserved in fossil bones several thousands or millions of years old (Catanese et al, 1999; 
Jonas et al, 1993; Rho et al, 1998; Adamiano et al, 2013). Collagen degradation in bone 
begins during life with increasing numbers of crosslinks leading to increased brittleness 
and fragility of the collagen molecule (Ibid). The absence of a unique trend in collagen 
degradation during bone deposition after death emphasises that other factors have 
important roles to play, and coupled with its longevity in archaeological bone, it does not 
readily lend itself to utilisation as a biomarker of postmortem interval in human (or 
experimental porcine) bone during the initial soft tissue putrefaction phase of 
decomposition.  
However, it cannot be entirely discounted in this context, as it is valid for estimating 
longer term postmortem interval, especially in the archaeological context. Adamiano et al 
(2013) applied spectroscopic, diffractometric, and thermogravimetric (TGA) analyses 
along with off-line analytical pyrolysis combined with gas chromatography mass 
spectrometry (Py/GC–MS), in order to understand the relationships between mineral 
composition, degree of crystallinity of carbonated hydroxyapatite (cHA), organic content, 
and the occurrence of collagen content in archaeological bones subjected to diagenesis. 
They examined 4th-8th century human osteological samples came from the Vicenne-
Campochiaro necropolis in Molise (Italy), and compared these with samples taken from 
fresh bovine bone (Adamiano, 2013). The quantity of 2, 5-diketopiperazines (DKPs) 
produced upon pyrolysis was used as a parameter to assess quantities of collagen inside 
each specimen (Ibid). The relative distributions of DKPs in the pyrolysates of 
archaeological samples and fresh bovine bone samples were similar, which suggested 
collagen and non-collagenous proteins were preserved in the ancient osteological tissues 
examined (Ibid). This again drew into question whether proteomic profiling predicated on 
collagen as a means of determining shorter term postmortem interval would be viable in 
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the forensic context, as the degree of discrimination was likely to be insufficient. The 
absolute quantity of DKPs in Adamiano et al’s bone samples however differed between 
fresh bovine and ancient human (Adamiano et al, 2013).  
Wilson et al demonstrated that for collagen peptides analysed using a low-cost, high 
throughput method for assessing deamidation using matrix-assisted laser 
desorption/ionization mass spectrometry (similar to the method utilised for this PhD), the 
relationship between glutamine degradation and sample age (when the thermal history of 
the deposition site is taken into account) could potentially provide a low-cost estimate of 
age as well as a method to identify samples that would be suitable for more expensive 
DNA based analysis (Wilson et al, 2012). To consider its use in archaeology, this method 
is comparable with radiocarbon dating and has a longer range, extending to beyond one 
million years for each chosen peptide (Ibid). Again, whilst a valid technique in the 
paleontological and/or archaeological contexts, there is likely to be an insufficient degree 
of deamidation occurring within bone during the short postmortem interval during which 
soft tissue putrefaction occurs. Further to this Collins et al demonstrated the importance 
of mineral association to protein survival, borne out by an investigation of Neolithic 
human bones (Collins et al, 2014). Their results helped to explain in particular, the 
contradictory observations on the comparatively rapid degradation of osteocalcin in 
archaeological bone and its apparent long-term survival in ancient fossils (Ibid). This 
contradiction, in conjunction with the time frame of ‘rapid’ degradation for osteocalcin in 
archaeological remains (200 to 6000 years), and its cogency with collagen degradation, as 
demonstrated by Smith et al’s (2005) research into the subject (using bovine bone), 
indicated that osteocalcin content in bone is likewise not a likely biomarker for measuring 
short term postmortem interval (during soft tissue putrefaction). Schwarcz et al have 
demonstrated another possible biomarker, the citrate content of bone as determined by 
UV spectrophotometry, can be used to estimate postmortem interval up to a limit of about 
100 years with a minimum estimated error of 1% of the age (due to the slow linear 
decrement of citrate in bone after a static period of 28 days postmortem). This technique 
could therefore be regarded as having potential to be developed as a possible forensic 
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test, but is arguably more suited to testing PMI over a comparatively longer time frame 
(Schwarcz et al, 2010). 
The zoological mass spectrometry experiment conducted for this PhD concentrated on 
locating possible biomarkers amongst low molecular weight non-collagenous proteins in 
(porcine) bone, or combinations thereof, which could possibly be tied to a particular point 
in time during soft tissue putrefaction. For this to be possible such a biomarker would 
have to be intrinsic to bone or permeate its canaliculi. Biomarkers in this context can be 
defined as cellular, biochemical or molecular alterations that are measurable in biological 
media such as human tissues, cells or fluids, specifically bone in this instance (Smith et 
al, 2005; Schwarcz et al, 2010). Putrefaction of mammalian soft tissue depends on 
environmental conditions (such as the surface and burial deposition scenarios 
investigated) and physiological factors (Moon et al, 2014). Putrefaction will proceed until 
complete disintegration of the (soft) tissue occurs. The major stages of decomposition 
involve complex reactions which result in the chemical breakdown of the body’s main 
constituents such as lipids, proteins, and carbohydrates (Ibid). Volatile organic 
compounds (VOCs) have shown potential as such biomarkers. Dekeirsschieter et al 
(2009) tested a passive sampling technique, the Radiello1 diffusive sampler, to monitor 
the cadaveric VOCs released by decomposing pig carcasses in three biotopes (crop field, 
forest, and urban site). A total of 104 chemical compounds, exclusively produced by the 
decompositional process, were identified by thermal desorption interfaced with gas 
chromatography and mass spectrometry (TDS-GC–MS). A variety of cadaveric VOCs 
(acids, cyclic hydrocarbons, oxygenated compounds, and sulphur and nitrogen 
compounds) were identified on the pig carcasses lying on the agricultural site, the forest 
biotope and in the urban site (Dekeirsschieter et al, 2009).  
Changes in post-translational modifications i.e. post-synthesis covalent modifications of 
the protein, such as adding or subtracting a specific mass difference (e.g. the proteolytic 
removal of an initiation sequence to form the final protein), were examined for any 
correlation to the number of cumulative cooling degree days’ putrefaction elapsed, the 
deposition scenario, and/or the extraction parameter used (Hoffman et al, 2008; Larsen et 
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al, 2006). No statistically significant discriminant change in molecular mass was detected 
between sequential experimental porcine bone samples, or between the comparative 
human bone samples, by comparing signal to noise ratio (M/Z) equating mass from 
MALDI-TOF MS spectra via a hierarchical fuzzy cluster analysis. Two further 
hierarchical fuzzy cluster analyses of these three variables were tested against known and 
ranked posited protein combinations (obtained by sequence checking against the 
SwissProt and NCBInr databases), and cellular and/or tissue specific protein loci 
(obtained by cross checking known posited protein combinations against locus and 
function in the UniProt database). Again, no statistically significant discriminant change 
was detected between sequential experimental porcine bone samples or between 
comparative human bone samples in either case. 
There are many examples in the literature of zoological mass spectrometry being utilised 
as a tool for the analysis of archaeological bone. Cappellini et al’s (2012) study 
determined that it was possible to detect over one hundred ancient bone proteins from 
bone samples sourced from a pleistocene mammoth femur, including membrane and 
intracellular proteins, keratins, collagens, plasma and non-collagenous proteins. Van 
Doorn et al’s (2012) zoological mass spectrometry analysis of 911 bone collagen samples 
from fifty archaeological sites, ranging from the Palaeolithic era to the medieval, applied 
the technique to human bone, and so was of particular relevance to the research 
conducted for this PhD. They determined that the degree of deamidation of glutamine in 
collagen was influenced less by chronological age, but more so by deposition conditions, 
thermal age, and extent of bioerosion. It has been demonstrated in the literature that mass 
spectrometry has potential in the forensic examination of bone (Van Doorn et al, 2012). 
Yi et al (2014) employed a similar technique that implied DNA methylation can be 
utilised as an available biological marker of age-prediction. They suggested that further 
measurement of relevant markers in the genome could be a tool in routine screening to 
predict age of forensic biological samples (Yi et al, 2014). It could be argued that it 
would therefore also be possible to apply similar testing to (sufficiently well preserved) 
bio-archaeological samples. Overall, the results obtained during the course of the research 
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for this PhD from using MALDI-TOF MS (a variant of Buckley et al’s ZooMS protocol) 
failed to demonstrate sufficient statistically significant discrimination between sequential 
experimental decomposing porcine bone samples according to protein extraction method, 
periodicity of PMI (measured in cumulative cooling degree days’ decomposition) or 
deposition scenario. Likewise the technique failed to demonstrate sufficient statistically 
significant discrimination between protein extraction method, or perimortem analogue 
and postmortem condition for the comparative human bone samples. Therefore there is 
no possible forensic test that could be developed from this approach at this time, 
according to the results obtained.  
5.2 Summary 
It can be posited that quantifiable micro-crack testing has perhaps the most all-round 
potential with regards to the intersecting epistemologies mentioned earlier. It can be 
utilised to examine bone fracture surfaces with a view to narrowing the postmortem 
interval in the forensic setting, investigating taphonomic change vis-à-vis experimental 
archaeology, and could be utilised in positing distinction between perimortem trauma and 
taphonomic damage in osteoarchaeology via non-destructive casting of bone in the field. 
Vickers hardness and ICP-OES, in the manner that these methods have been employed 
for the research conducted for this PhD, have perhaps more potential value as 
corroborative field tests for bone recovered as forensic evidence, and in the investigation 
of taphonomic processes in experimental archaeology. TGA demonstrates similar 
potential, but for the time being, would have to remain laboratory based. ZooMS greatest 
potential perhaps remains in historical archaeology, particularly in the field of 
zooarchaeology for which it was developed, although it would have a particular use in 
forensic anthropology in triaging animal from human bone when it is not possible to 
make a morphological distinction, as it would prove more cost effective than resorting to 
DNA analysis at the current time. 
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Chapter 6 
Conclusions 
6.0 Reiteration of Aims and Objectives 
From my initial review of the literature it was found that the current understanding 
pertaining to the effects of decomposition on bone fracture morphology at the 
microscopic level is at present limited. There is also a paucity of research on cortical 
bone stain differentials as an indicator of perimortem trauma. There has been extensive 
research carried out into the mechanical properties of bone of a wide variety of species, 
but again there has been very limited research into how these properties alter during the 
decomposition process. It was the perceived need to more thoroughly examine how 
changes in bone occur during the decomposition process, particularly during the soft 
tissue putrefaction period, which inspired the research for this PhD. From this the aims 
and objectives of the research were developed and originally outlined as follows: 
• To determine if bone stain colour at a fracture site originating from perimortem 
trauma changed and/or equalised with nearby bone surface stain colour during 
soft tissue putrefaction. 
• To determine if microfracture characteristics on fractured bone surfaces changed 
between perimortem and taphonomic bone trauma during soft tissue putrefaction. 
• To determine if Vickers hardness of bone changed during soft tissue putrefaction. 
• To use thermogravimetric analysis to determine if collagen and/or water content 
of bone changed during soft tissue putrefaction. 
• To investigate if there were any changes in particular elemental concentrations in 
bone during soft tissue putrefaction by analysis with inductively coupled plasma 
spectroscopy. 
• To investigate if there was any consistent change in non-collagenous protein 
and/or other biomarker content in bone during soft tissue putrefaction by using 
zoological mass spectrometry. 
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• To analyse the data obtained and posit if any particular factor unified these 
characteristics. 
 
6.1 Summation of Experimental Conclusions 
With regards to colour change between analogous perimortem periosteal and fracture 
surfaces, there were no statistically significant changes until 28 cumulative cooling 
degree days had elapsed in a surface deposition scenario and 638 cumulative cooling 
degree days had elapsed in a burial deposition scenario under the experimental conditions 
stated. For postmortem periosteal and fracture surfaces, statistically significant colour 
change was apparent when 28 cumulative cooling degree days had elapsed. The same 
was true for that between analogous perimortem and postmortem fracture surfaces, but 
this change was inconsistent and demonstrated as being within a narrow range of 
perceivable visual colour, yellow-red to mid yellow on the Munsell colour scale. This 
was consistent with putrefaction fluid staining of the bone as soft tissue decomposed. 
With regards to Weiberg and Westcott’s premise that it is possible that colour could 
equalise between the fracture surface and the periosteal bone surface over time thus 
creating the appearance of perimortem injury, this did not appear to be the case according 
to the data obtained (Weiberg and Wescott, 2008). The results suggested blood and/or 
tissue staining of bone fracture surfaces as an indicator of perimortem trauma may at best 
be limited to remains in the earliest stages of decomposition, tacitly within 28 cumulative 
cooling degree days of deposition from the experimental results obtained. Further to this 
the results suggest that such staining should only be considered as potential forensic 
evidence when corroborated in context with other perimortem specific indicators 
(Cattaneo et al, 2010). It can therefore be argued that there is limited scope for scaling up 
this experiment with a view to developing a forensic test of postmortem interval when 
compared to the results obtained for the other experiments conducted in the course of the 
research for this PhD, notably those pertaining to changes in micro-cracks, Vickers 
hardness, and elemental profiling of bone during the soft tissue putrefaction period.  
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With regards to micro-crack characteristics, relatively low magnifications (13 to 16 
times) were used with the scanning electron microscope in order to survey wider areas of 
the fracture surfaces of the experimental porcine bone samples and the casts of the human 
remains used for comparative case studies. From the forensic perspective this would 
enable a relatively rapid yet reliable survey of suspect bone trauma in the evidential 
context as part of a time limited investigation. From the data obtained, the observed 
changes in micro-crack morphology on fractured bone surfaces subsequent to blunt force 
trauma, cannot in isolation be used as a perimortem trauma indicator, as these changes 
became more readily apparent after 28 cumulative cooling degree days had elapsed, 
particularly in the surface deposition scenario. However, as the changes in micro-crack 
morphology do appear to be time limited with regards to progressive decomposition (of 
soft tissue and possibly the bone itself) there is potential that they (particularly micro-
crack length as a quantifiable metric) could be utilised in the forensic context to tie SEM 
analysed bone trauma to at least this earliest phase of decomposition, inclusive of the 
possibility of perimortem bone trauma. These changes (length, linearity, grouping and 
intersection) were apparent in comparing human perimortem and taphonomic bone 
trauma from the casts taken of human remains from the Natural History Museum of 
London’s collections. This further evidences the potential use of such metrics both in the 
forensic context, and for making similar assessments with archaeological human and 
animal remains (Coles, 1979). This experiment therefore demonstrates perhaps the 
greatest all-round potential for scaling up to a more in-depth study to determine if micro-
cracks on bone fracture surfaces could be regarded as a consistent indicator of damage 
(inclusive of perimortem trauma) having occurred within the earliest phase of 
decomposition, notably in the order of 28 cumulative cooling degree days post deposition 
as evidenced. Posited further work to investigate this potential will be discussed more 
fully in the following chapter. 
Progressive dehydration of the bone during decomposition, affecting fluid filled osteons 
and their associated networks of canaliculi (especially a concentration of them), having a 
lower relative density compared to surrounding cortical bone, may provide a focal point 
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for the stress field, or damage zone, spreading from the large crack tip emanating from a 
point of (blunt) impact. In the case of a dehydrated osteon where sulphated mucoids have 
been lost from the cement line, a possible mechanism is provided for the increase in 
average micro-crack length observed as decomposition progressed in the experimental 
porcine bone samples. This net effect was common to both the surface and burial 
deposition scenarios. As the fibre reinforcement (fluid filled osteons) of the bone 
composite in structural terms was effectively lost, so micro-crack trajectory could be 
argued to be less impeded as the stress field (damage zone) spread from the point of 
impact of applied blunt force trauma. The theory of critical distance as applied to bone in 
this instance, exploits this fact. The elastic stress distribution when a load (e.g. 
standardised impact force equating to blunt trauma) is applied to said bone is shown to be 
greatest at the boundary of a stress concentration feature and dissipates with increasing 
distance from it (Kasiri and Taylor, 2008). To investigate these suppositions further, a 
corroborative histology study could be carried out alongside a scaled-up version of the 
original micro-crack experiment. Again, this will be discussed in context in the next 
chapter on potential further work. 
Whilst there is little trend evident in changes in Vickers hardness during the soft tissue 
putrefaction period at first glance, the results suggested that the difference between 
longitudinal and tangential Vickers hardness, and thus the ratio of longitudinal to 
tangential Vickers hardness, may have potential as an indicator of postmortem interval. 
For the porcine bone samples examined during the course of this experiment, a difference 
of 10 (+/- standard error of mean) or greater in Vickers hardness (HV) with soft tissue 
present and signs of minimal decomposition was associated with a decomposition period 
of 250 cumulative cooling degree days elapsed or less. The same difference associated 
with marked decomposition indicated a decomposition period of 1450 cumulative cooling 
degree days elapsed or more. A difference of -7 to +8 (+/- standard error of mean) was 
thus associated with 250 to 1450 cumulative cooling degree days’ decomposition elapsed. 
The ratio of longitudinal HV to tangential HV, which ranged from 2.42 to 1.54 (to 1) was 
arguably a more reliable indicator in this context and is preferable to using negative 
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integers. A change in this ratio between 2.42 and 1.38 could again be mapped to the first 
28 days post deposition equating to 250 cumulative cooling degree days. As a result this 
experiment again demonstrates potential to be scaled up to a more in-depth study. If 
results were to prove consistent, the ratio between longitudinal and tangential Vickers 
hardness could conceivably be utilised to develop a forensic test of periodicity of the 
early postmortem interval in bone, particularly the initial 28 day period. 
This change in ratio appeared to be consistent between surface and shallow burial 
deposition scenarios. The human bone reference samples showed a comparable difference 
in tangential and longitudinal HV with the postmortem sample, and an apparent 
difference in the case of the perimortem analogue sample. The results suggested that the 
observed changes in overall structural integrity of the bone have an anisotropic 
component, which may be linked to progressive dehydration of the bone during 
decomposition. In applying Dubey and Tomar’s model to Pineri’s third regime (of 
collagen-water interaction in the structural integrity of bone), it should be considered that 
this may be linked to breakdown of hydrogen bonding between mineralised collagen 
microfibrils as dehydration of bone progresses during decomposition (Dubey and Tomar, 
2013; Pineri et al, 1978; Wendler et al, 2014). As with the micro-crack experiment, it 
would be beneficial for any scaled up Vickers hardness study in this context to be 
conducted alongside a corroborative histology study whereby anisotropic changes in 
hardness at the nanometre scale in cortical bone features such as individual lamellae, 
cement lines, Haversian systems etc. could be concurrently investigated. This possibility 
will be discussed in more detail in the following chapter pertaining to recommended 
further work.   
With regards to progressive dehydration of bone during (the soft tissue putrefaction phase 
of) decomposition, the apparent correlation between a difference of 10 or greater in 
Vickers hardness with soft tissue present and signs of minimal decomposition associated 
with a decomposition period of 250 cumulative cooling degree days elapsed or less, and 
the same difference associated with marked decomposition indicating a decomposition 
period of 1450 cumulative cooling degree days elapsed, correlated with the peaks of 
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water loss between 22 and 100 ˚C noted during the thermogravimetric analysis of similar 
porcine bone samples. This suggested there may be more water present in these bone 
samples (possibly between collagen microfibrils) at these times during decomposition. 
There appeared to be a statistically significant difference between water lost (as a 
percentage of total mass) in this temperature range (at least 5%) between surface and 
shallow burial deposition scenarios. These findings demonstrated that TGA of bone, 
examining water loss between 22 and 100 ˚C, may demonstrate potential as a method to 
determine periodicity within the immediate postmortem interval, if corroborated with 
another indicator such as Vickers’ hardness for instance, as outlined above. The 
percentage of total mass lost attributed to water desorption between 100-220˚C appeared 
relatively consistent i.e. showed little change, for both surface and shallow burial 
deposition scenarios (inclusive of freeze dried controls) when measured against 
cumulative degree days’ decomposition elapsed for the timeframe examined (0-1450 
cumulative cooling degree days). This measurement therefore does not appear to have 
any value as a potential forensic indicator of (corpse) deposition time within the soft 
tissue putrefaction period.  
A downward trend in the percentage of total mass lost was apparent for bone samples 
from both the shallow burial and surface deposition scenarios (inclusive of freeze dried 
controls) that could be ascribed to the thermolysis of collagen (and other proteins) 
between 220 and 650˚C during thermogravimetric analysis, when measured against 
cumulative degree days’ decomposition elapsed. This trend however proved to be 
inconsistent within the timeframe examined (0-1450 cumulative cooling degree days), 
and would therefore lack validity as a forensic indicator of periodicity within the soft 
tissue putrefaction period of the immediate postmortem interval. It should be reiterated 
that this does not detract from its potential as forensic indicator of periodicity of longer 
term postmortem interval, as outlined by Tomassetti et al (2013) and indicated by the 
6.8% greater loss of mass in this temperature range shown by the 100+ year old 
postmortem human bone sample (teaching skeleton) as compared to the perimortem 
analogue human bone sample (head of femur sourced from a hip replacement procedure). 
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With regards to the changes observed in specific elemental concentrations in bone during 
the soft tissue putrefaction phase of decomposition, it can be seen from the results 
obtained from inductively coupled plasma optical emission spectroscopy (ICP-OES) 
elemental profiling of the experimental porcine bone samples from both deposition 
scenarios, that this technique has potential to be developed as a forensic test. Such a test 
could be used for determining if a bone sample is, again, in the early stages of 
decomposition concurrent with the soft tissue putrefaction phase, up to 500 cumulative 
cooling degree days elapsed, by examining iron, sodium and potassium concentrations in 
particular. These elements are known to be primarily associated with proteins and/or 
tissue fluids within the bone, as opposed to being integrated into the more stable 
hydroxyapatite inorganic matrix (Ezzo, 1994; Beattie et al, 1992). The overall observed 
decrease in the concentration of potassium and sodium in the experimental porcine bone 
samples, for both the surface and burial deposition scenarios, with relative increases at 
500 and 1000 cumulative cooling degree days elapsed, can be viewed as a function of 
progressive dehydration of the bone during soft tissue putrefaction. T 
hese results appear to be in agreement with peaks of water desorption and corresponding 
peaks in Vickers hardness noted at these points during the decomposition of soft tissue 
(Ibid). This finding also explained the correlation between iron and potassium levels as 
both are associated primarily with extracellular fluid. As is the case with the micro-crack 
and Vickers hardness pilot studies already discussed, a scaled-up study to determine the 
consistency of the results obtained for this experiment would be the logical next step, as 
alluded to in the final chapter of this thesis. 
With regard to measuring any possible consistent changes in protein and/or other 
biomarker content in bone during soft tissue putrefaction by mass spectrometry, the 
proteomic profiling results obtained from using MALDI-TOF MS (a variant of Buckley 
et al’s ZooMS protocol) failed to demonstrate sufficient statistically significant 
discrimination between experimental porcine samples according to extraction method,  
periodicity of decomposition as measured in cumulative cooling degree days, or 
deposition scenario. Likewise, this technique failed to demonstrate sufficient statistically 
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significant discrimination between comparative human bone samples according to 
extraction method, or perimortem analogue and postmortem condition. This was 
determined by utilising hierarchical fuzzy cluster analyses at three degrees of abstraction 
using non-collagenous proteins of less than 3000 kDA as independent variables (M/Z 
ratio, ranked proteins, and protein loci). Thus with regards to using this technique for 
developing a potential forensic test to elucidate postmortem interval periodicity during 
the soft tissue putrefaction phase of decomposition, within the limits of the experimental 
method as conducted, it was concluded that no viable biomarker of postmortem interval 
in bone was detected (Buckley et al, 2009). 
It should be noted at this juncture that the results obtained for the research during the 
course of this PhD should only be applied as methodology in the experimental, forensic 
and/or archaeological contexts, after significant further work (see next chapter) to 
untreated late adolescent or adult bone. Structural differences between juvenile bone and 
adult bone, such as differences in lamellar organisation and collagen fibre orientation for 
example, would have to be accounted for before applying the techniques as outlined 
(Reid 1986; Riggs et al, 1993). Similarly, processed bone, such as burned bone, should be 
considered as structurally modified in this context, as partly demonstrated by the water 
desorption and thermolysis of collagen discussed in the TGA experiment (Lozano et al, 
2003; Shipman et al, 1984; Stiner et al, 1995; Ubelaker, 2009; Thompson 2005). It should 
also be noted that the results obtained are applicable only to the deposition scenarios as 
investigated. Bone that has decomposed in other deposition scenarios may have 
undergone significant structural alteration. A pertinent archaeological example of this is 
bone that has decomposed in an acidic, anaerobic, waterlogged environment, such as the 
euphemistically termed bog bodies discovered in Ireland, and Denmark etc., where the 
bone has become demineralised as a result (Pestka et al, 2010; Schilling et al, 2008; 
Turner-Walker and Peacock, 2008).  
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6.2 Proof of Hypothesis and the Potential for Extension 
In summation, the unifying factor underlying the observed progressive changes in micro-
crack characteristics, Vickers’ hardness, and in specific elemental concentrations in bone 
during the soft tissue putrefaction phase of decomposition is the likely amount of water 
present (between collagen microfibrils). This was elucidated by thermogravimetric 
analysis of experimental porcine and comparative human bone samples. This was 
particularly evident at circa 500 and 1000 cumulative cooling degree days’ 
decomposition elapsed respectively. There is therefore potential in developing these 
techniques to map the early phase of the postmortem interval with a view to eventual use 
in forensic testing. The results suggest that scaled-up experiments based on these 
techniques may be of particular use in determining if bone is in the earliest phase of 
decomposition, i.e. the first 28 days of soft tissue putrefaction. The potential for extension 
will now be discussed in more detail in the final chapter of the thesis, chapter seven, 
referring to further work. 
Changes in micro-crack morphology arguably have as much potential for developing 
similar tests for archaeological bone samples. Blood and/or tissue staining of bone 
fracture surfaces as an indicator of perimortem trauma vs. taphonomic trauma in the 
context of the postmortem interval shows little potential as a potential forensic test in the 
absence of corroborating evidence. Similarly, proteomic profiling of non-collagenous 
proteins of less than 3000 kDa molecular weight by MALDI-TOF MS as a means of 
elucidating postmortem interval appears to be unviable for development as a forensic test, 
considering the lack of discrimination between bone samples achieved by this method. 
The original hypothesis “Changes in colorimetric, microfracture, chemical and 
mechanical characteristics of bone during soft tissue putrefaction has possible forensic 
applications” is thus proven, but with the caveat that further research is required. Some of 
the possibilities for such further work will now be explored in the next chapter.  
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Chapter 7 
Further Work 
7.0 What Further Work is required to Develop Viable Forensic Tests?  
Firstly the techniques utilised during the course of this PhD must be considered in the 
forensic context i.e. meeting evidentiary standards for a court of law in England and 
Wales as they currently stand. Secondly, possibilities for further experimental work 
required to meet those standards will then be considered and outlined.  
7.1 Meeting Accepted Evidentiary Standards of Admissibility in a Court of Law 
The Tests of evidential admissibility as per the “Practice Direction (Criminal 
Proceedings: Various Changes)” [2014] EWCA Crim 1569; [2014] 1 WLR 3001), 
pertaining to forensic expert praxis and legal testimony in England and Wales, are drawn 
from the US Daubert standard, as outlined in Mallett and Evison (2013), whilst also 
taking into consideration the amendments posited in Kuhmo Tire Co. v. Carmichael and 
General Electric Co. v. Joiner, as outlined in Christensen and Crowder, (2009). These 
tests will be considered as they pertain to forensic anthropology, and the forensic 
anthropologist as a practitioner thereof, when applied to the techniques examined during 
the course of the research for this PhD.  
Is there general acceptance of the techniques in question? With regards to blood 
and/or tissue staining of bone as a perimortem indicator, there is a general acceptance in 
the medico-legal context evidenced in the literature, however this has been challenged in 
terms of reliability, for example by Weiberg and Westcott, (2008). Changes in micro-
crack characteristics, Vickers hardness, and specific elemental concentrations (as 
determined by ICP-OES) during the soft tissue putrefaction phase of decomposition, 
when posited as timeframe indicators of the early postmortem interval, have all been 
shown to demonstrate potential in the context of forensic testing. However, in that 
context these must all be considered nascent techniques, and by that caveat would not 
have attained general acceptance as defined within this frame of reference. Proteomic 
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profiling of bone by MALDI TOF MS during the soft tissue putrefaction phase of 
decomposition by contrast, if posited as a timeframe indicator of postmortem interval, 
demonstrated no such potential and thus would not attain general acceptance from the 
results as stated (Mallet and Evison, 2013; Christensen and Crowder, 2009).  
Have the techniques been developed based on specialised knowledge, skill, 
experience, training, or education? All the techniques utilised in the course of the 
research for this PhD have reliable track records of use as evidenced in the literature (see 
references), and were carried out under the instruction and supervision of suitably 
qualified experts within their respective fields. The answer to this question would thus be 
yes. However, by comparison the author is a less experienced researcher, developing 
these techniques as nascent in the context of forensic testing, which would rightly be 
taken into consideration in challenging their evidentiary use in a court of law in England 
or Wales (Ibid).  
Have the techniques been subject to peer review and publication and are they based 
upon sufficient data? Has there been sufficient testing and establishment of a rate of 
error to meet governing standards? The primary literature found in the peer-reviewed 
scientific journals offer demonstrations of the methods concerned for all techniques 
utilised in the course of this research, across multiple publications. The results of two of 
the pilot studies conducted for this PhD have been published subsequent to peer review in 
respected scientific journals. The (Harvard) references are given below. 
• Walden, S.J., Evans, S.L. and Mulville, J., 2017. Changes in Vickers hardness 
during the decomposition of bone: Possibilities for forensic anthropology. Journal 
of the mechanical behavior of biomedical materials, 65, pp.672-678. 
• Walden, S.J., Mulville, J., Rowlands, J.P. and Evans, S.L., 2017. An Analysis of 
Systematic Elemental Changes in Decomposing Bone. Journal of Forensic 
Sciences (doi: 10.1111/1556-4029.13480). 
However it is the application of these techniques within the context of forensic testing 
that is nascent, and by that caveat there is a current paucity of peer review and 
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publication, and a limited body of sufficient data, with insufficient testing at this time 
(especially pertaining to repetition of testing and associated rate of error), to meet 
governing standards (notably Section 20, Validation of methods, ISO 17025:2005 ref. 
5.4.5, Codes of Practice and Conduct for forensic science providers and practitioners in 
the Criminal Justice System, Version 1.0, Forensic Science Regulator, December 2011). 
This would thus preclude their evidentiary use in a court of law in England or Wales at 
this time (Ibid). 
Are the techniques scientifically valid? From Mallett and Evison, (2013): There is an 
increasing expectation in rulings and in policy discussion that expert testimony should be 
based on valid science. The Law Commission report reiterates this in “The admissibility 
of expert evidence in criminal proceedings in England and Wales: a new approach to the 
determination of evidentiary reliability” referred to as Consultation Paper 190 (Norwich, 
UK, Stationary Office, 2009). This in turn indicates that interpretations of scientific 
analyses in a court of law should be strongly supported by quantitative or statistical 
evidence. The techniques utilised during the course of this PhD research have been 
supported (or refuted) by quantitative and statistical evidence from the intra-observer 
perspective. Statistical evidence underpinned by repetition and validation by multiple 
observers is the ideal required of scientific techniques proffered as being of forensic 
evidentiary value, and this should be considered in the context of further work (Mallett 
and Evison, 2013). 
Is there evidence of appropriate application of the techniques in question leading to 
justifiable conclusions? The answer to this question would be no, not as of yet. 
Although the techniques utilised in the course of this research have well evidenced and 
wide ranging applications that have been demonstrated by respected authors throughout 
the literature, in the context of forensic testing of bone during the soft tissue putrefaction 
phase of decomposition, they would be regarded as nascent, novel and considered as 
being under development. As such, as ascertained by Mallett and Evison (2013), the 
degree of certainty afforded is particularly relevant, and there would be an expectation 
that these techniques be sufficiently evaluated and tested for forensic application. Again 
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in order to provide evidence to meet this expectation, further experimental work (and 
repetition thereof) is required (Mallett and Evison, 2013). 
7.2 Further Experimental Work 
In order to address these issues and meet the Daubert standard and thus accepted 
evidentiary standards of admissibility in a court of law (in England and Wales), further 
experimental work is proposed. In the first phase it is suggested that all the experiments 
outlined in this thesis be initially repeated, then scaled up, and modified as follows. 
• Quality control needs to be increased with regards to materials utilised for the 
deposition scenarios and sourcing of the experimental porcine bone samples. 
The presence of leaf litter (as represented by bark chippings in the pilot studies conducted 
for this PhD) would mitigate the evaporation of water from soil. Carter et al’s (2010) 
experiment found that cadaver decomposition in loamy sand and sandy soil was found to 
be greater at lower matric potentials i.e. wetter soil (Carter et al, 2010). Pokines (2016) 
investigation into the taphonomic alterations to terrestrial surface-deposited human 
osseous remains in a New England environment found that in some cases, the bones 
slowly became buried as leaf litter built up on them and decomposed, forming more 
organic soil components; and also that the lower portion of the remains in contact with 
the soil underwent one set of changes, while the upper, more exposed portion underwent 
an entirely different set of changes, pertaining to staining, acidic soil corrosion (Pokines, 
2016); these variations would have to be accounted for in any up-scaled experiments. 
Firstly this could be done by using leaf litter (or viable substitute) of known composition 
and uniform depth, or by conducting an ecological survey of the proposed surface 
deposition site and cross-matching the plant species in naturally occurring leaf litter to 
that surrounding environment (Wiltshire, 2009). Secondly the variation in decomposition 
due to soil contact would either have to be monitored as in Pokines’ experiment, or 
mitigated by limiting soil contact, e.g. by depositing the porcine carcass on established 
vegetation or on layer of the same leaf litter in which it is to covered.   
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Perrault and Forbes (2016) pointed out that soil features can have broad implications in 
forensic taphonomy. When remains have been discovered in outdoor environments, soil 
analysis can aid in estimating the post-mortem interval (PMI), provide information 
relating to the search and recovery of remains, and may help to provide information about 
the circumstances surrounding death (Perrault and Forbes, 2016). This conclusion is 
borne out by the results of other experimental studies. Turner et al’s (2013) analysis of 
the effects of different types of soil on decomposition found differences between the rates 
of decomposition of porcine limbs buried in four different types of soil (loam, clay, sand 
and organic). Forbes et al’s analysis of the effect of soil type on adipocere formation 
determined that adipocere is able to form in various soil types and that certain soil 
environments, notably sand and silty sand may accelerate its formation (Forbes et al, 
2005). Consequently it is advised that a soil analysis examining texture, pH, organic 
matter, mineral content and hydrology be conducted on all soil used as a burial matrix in 
any up-scaled deposition scenarios, to determine both the likely effect of soil type on 
decomposition and ensure a standardised methodology (Suarez et al, 2015).   
As outlined earlier, veterinary antibiotics are widely used to treat disease and protect the 
health of animals, and are also incorporated into animal feed to improve growth rate and 
feed efficiency (Sarmah et al, 2006). White and Booth commented in their (2014) study 
using experimentally deposited pig carcasses to investigate the origin of bacteria 
responsible for bioerosion to the internal bone microstructure, that intensive farming 
methods such as the use of antibiotics and feed additives might have negatively affected 
the abundance of intrinsic bacteria within these specimens, which could have had 
consequences regarding their postmortem microbial activity (White and Booth, 2014). 
The mechanical properties of porcine bone vary according to age and sex with males 
tending to develop heavier, stronger bones than the females, with this robusticity 
increasing with age to developmental maturity (Liptrap et al, 1970; Crenshaw et al, 
1981). As previously mentioned, the effects of genetic variation, diet, and environment 
also have an effect on the mechanical strength and even composition of porcine bone 
(Fan et al, 2009; Karasik et al, 2016; Storskrubb et al, 2010). To concur with White and 
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Booth (2014), it is advised that pigs utilised for future up-scaled versions of the 
experiments carried out for this PhD should be organically reared in a free range 
environment on an antibiotic free diet, be of the same age, sex and closely comparable 
weight, and be of the same known genetic provenance, in order to standardise 
experimental methodology. 
• Intact porcine carcasses should be used to provide a more accurate model of 
decomposition, predicated on the ensured presence and subsequent colonisation and 
growth of enteric bacteria which may ultimately affect (changes to perimortem) 
staining, levels of hydration, structural cohesion and integrity, and progressive 
changes in proteomics in decomposing bone (Perchal et al, 2014). This would also 
account for full scale insect colonisation and succession, with their associated effects 
on the decomposition, most notably elevation in temperature of the carcasses due to 
the presence of a maggot mass (Campobasso et al, 2001). 
• The long bones, pelves, ribs and skulls (common sites of trauma) and other skeletal 
elements of these carcasses should be harvested at 28 day intervals over a period of at 
least 24 calendar months and subjected to the posited experimentation. Examining 
changes in the characteristics investigated (staining, micro-cracks, Vickers’ hardness, 
collagen and water content and elemental profiles) between anatomical loci of bone 
would account for variations in factors such as intraskeletal variability of cortical 
bone area (Stewart et al, 2015), comparative cortical bone thickness (Croker et al, 
2016), bone mineral density (Kemp et al, 2014), bone density (Schlecht et al 2015), 
whole bone stiffness, and strength across skeletal sites that may have an influence on 
these characteristics (Schlecht et al, 2014; Manifold, 2013). Taking this approach 
would also afford the opportunity to examine changes in bone over a longer period of 
decomposition subsequent to the soft tissue putrefaction phase (Manifold, 2013). 
• The intact porcine carcasses should also be subjected to a variety of deposition 
scenarios to examine the effect (if any) this has upon the decomposition of bone via 
any changes that become evident in the experimental results. It is posited that the 
surface and shallow burial scenarios be repeated (Vass, 2011) and that ventilated and 
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sealed room deposition (Anderson, 2011), static and flowing water deposition 
(Dickson et al, 2011), and vehicle deposition be examined in addition, with clothed 
and unclothed carcasses being compared in each scenario (Matuszewski et al, 2014). 
• In addition to the intact porcine carcasses being subjected to a variety of deposition 
scenarios, these scenarios should be repeated under varying climatic conditions to 
account for seasonal variations in humidity, temperature including associated 
freeze/thaw, and insect and bacterial populations, all of which would have an impact 
on the rate and progression of soft tissue putrefaction and/or bone decomposition 
(Benbow et al, 2013; Meyer et al, 2013; Breton et al, 2016). See earlier point made 
with regards to the use of a 24 month timeframe. 
• Differential scanning calorimetry could be used in conjunction with 
thermogravimetric analysis to determine if any denaturation of collagen is taking 
place in bone during the soft tissue putrefaction phase of decomposition (Zioupos et 
al, 2014). 
• A corroborative and comprehensive histology study should be conducted whereby 
bone samples are taken at the same intervals as samples for other tests to examine 
cogent histomorphometric changes. Ostensibly this would firstly involve adapting the 
methodology of Zioupos et al (2014). Vickers hardness indentation testing would 
again be implemented but longitudinal and tangential nano-indentation testing 
(indentations in the order of 30 µm) could be used in conjunction to test changes in 
osteonal and interstitial lamellar hardness, again utilising appropriate microscopy (see 
figure 7a). Secondly, the propagation of micro-cracks as a function of decomposition 
could be further investigated by adapting the methodology of Lin et al (2016). 
Bending tests of bone sampled at 28 day intervals during soft tissue putrefaction and 
immediately beyond could be conducted under observation by atomic force 
microscopy; the propagation of micro-cracks (in the order of 20 µm) relative to 
microstructural features such as Haversian canals and individual lamellae could then 
be quantified according to the degree of force applied (see figure 7b) (Lin et al, 2016). 
Sections of impact tested samples (as utilised for the research conducted for this PhD) 
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could then likewise be examined under atomic force microscopy to provide a 
comparison and further elucidate the possible influence of critical distance theory as 
discussed earlier.   
 
Figure 7a: Image of a nano-indentation targeting osteonal and interstitial areas as reproduced from 
Zioupos et al, 2014. 
 
Figure 7b: Atomic force microscopy images reproduced from Lin et al (2016) show circumferential 
micro-cracks initiation and propagation around lacunae. (a) A Haversian system with Haversian canal, 
lamellae, and lacuna; (b) micro-cracks initiated both centrifugally and circumferentially around 
lacunae; (c) a micro-crack developed between and connected two nearby lacunae. 
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These measures would check for consistency and repeatability of the results obtained 
during the course of this PhD research, and would check for any error that could have 
been introduced by using dismembered porcine limbs and rib cages as experimental 
material as opposed to intact porcine carcasses, as well as expanding the scope of testing 
with regards to deposition. If the potential for the development of forensic testing is again 
demonstrated with regards to progressive changes in microfracture characteristics, 
tangential vs. longitudinal Vickers hardness,  and corroborated by changes in levels of 
hydration and changes in specific elemental concentrations during the decomposition of 
bone, this would ensure that according to the Daubert standard that: 
• The techniques have been developed based on specialised knowledge, skill, 
experience, training, and education.  
• The techniques would then be subject to peer review and publication are based upon 
sufficient data, and that there has been sufficient testing and establishment of a rate of 
error to meet governing standards (ISO 17025:2005 ref. 5.4.5, Codes of Practice and 
Conduct for forensic science providers and practitioners in the Criminal Justice 
System, Version 1.0, Forensic Science Regulator, December 2011). 
• The techniques are scientifically valid and the associated interpretations of scientific 
analyses are strongly supported by quantitative and statistical evidence. 
 
It is posited that the second phase of further experimental work, in order to meet the 
Daubert standard, would be to repeat the experiments on intact porcine carcasses as 
outlined above with intact human remains. This would ensure that there is evidence of 
appropriate application of the techniques in question leading to justifiable conclusions 
and that there would be general acceptance of the techniques in question. Due to current 
legal and ethical restrictions in the UK, this would need to be carried out at a US 
taphonomic research facility, one such example of which is the Forensic Anthropology 
Centre, at the University of Tennessee, at Knoxville.    
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Glossary 
Mechanics (Evans, 1969) 
Stress: the ratio between the force applied and the unit area upon which it acts. 
Strain: the change in the linear dimensions of a body as the result of a direct application of force. The energy a 
specimen absorbs to failure can be determined by measuring the area below the stress-strain curve.  
Poisson’s ratios: the ratio of contraction to transverse strain perpendicular to the applied load, to the extension 
or axial strain in the direction of the applied load, when a sample material is stretched. 
Modulus of elasticity: the measurement of the stiffness of a material. 
Mechanics: the science dealing with the effect of forces upon the form or motion of bodies.  
Compressive force: pushes together. 
Tensile force: pulls apart. 
Shearing force: makes one part of a body to which the force is applied slide relative to another. 
Forensic Terms 
Forensic: Pertaining to a court of law. 
Perimortem: At the time of death. 
Antemortem: Before death. 
Postmortem: After Death. 
Archaeology 
Taphonomic damage/trauma: Damage/trauma that has occurred post deposition.  
Diagenesis: Chemical and structural alteration and/or loss of both the organic and inorganic components 
progressing toward lithification (of bone) Gutierrez, 2001). Lithification is the process where surrounding 
deposition matrix, for example limestone, penetrates the bone, effecting mineralogical changes. 
Skeletal Anatomy: reproduced in part, 16.10.2014, from: 
http://www.educationalinsights.com/text/EI/downloads/products/HumanBodyModels/5403_humanskeleton.pdf 
Axial skeleton: consists of the cranium (the skull), the vertebrae (the spine), sternum (breast bone) and ribs. 
Cranium: skull. 
Cranial cavity: the area inside the skull. 
Frontal: forms part of the cranial cavity as well as the forehead, the brow ridges and the nasal cavity. 
Parietal: forms much of the top and side portions of the cranium. 
Sphenoid: forms part of the eye orbit and helps to form the floor of the cranium. 
Temporal: forms the side walls of the cranium as well as housing the external ear. 
Occipital: forms the back and bottom portion of the cranium. 
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Maxilla: upper jawbone. 
Mandible: lower jawbone. 
Palatine: forms a portion of the nasal cavity and the back portion of the roof of the mouth. 
Vomer: forms part of the nasal septum (the divider between the nostrils). 
Lacrimal: forms the orbits (eye area). 
Nasal: forms the top portion of the bridge of the nose. 
Zygomatic: cheekbones; form portions of the orbits as well. 
Foramen Magnum: Hole at the base of the skull accommodating the spinal cord. 
Vertebrae: spinal column; extends from the base of the skull to the coccyx. 
Rib cage: extends from the vertebrae to protect the organs of the upper body. 
Sacrum: located at the base of the spine; contains five fused vertebrae. 
Coccyx: tailbone; a group of four small bones at the lower end of the sacrum. 
Sternum: breastbone; protects the center of the chest and is connected to the rib cage. 
Appendicular skeleton: includes the two limb girdles (shoulder and pelvis) and their attached limbs. 
Coxal (pelvic girdle): hip bone; provides a strong stable platform for supporting the abdominal organs. 
Scapula: shoulder bone; located behind the chest. 
Clavicle: collar bone; attaches to the sternum to give strength to the shoulders. 
Humerus: long bone in the upper arm and part of the shoulder and elbow joints. 
Ulna: larger of the two bones of the forearm; located on the fifth finger side. 
Radius: smaller of the two bones of the forearm; located on the thumb side. 
Carpals: eight bones that make up the wrist. 
Metacarpals: hand bones that allow fingers to spread and close. 
Phalanges: finger, thumb and toe bones; the fingers have three bones and the thumb and big toe have two 
bones. 
Femur: thigh bone located in the upper leg; part of the hip and knee joints of the lower leg. 
Patella: knee cap. 
Tibia: shin bone located in front of the lower leg. 
Fibula: calf bone located in back of the lower leg. 
Talus: ankle bones. 
Metatarsals: foot bones. 
 
